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The U.S. Nuclear Regulatory Commission (NRC) staff determined that additional information
was required (Reference 1) to enable the continued review of the SHINE Medical
Technologies, LLC (SHINE) operating license application (Reference 2). The following
information is provided by SHINE in response to the NRC staff’s request.

Chapter 6 — Engineered Safety Features
RAI 6b.3-1

FSAR, Section 6b.3.1.4, states that an additional penalty of 0.01 was assigned to SHINE's
proposed margin of subcriticality (0.05) to account for the limited number of experimental
benchmarks available for uranyl sulfate systems in the validation of SHINE’s computational
method (MCNPS5), resulting in a margin of subcriticality of 0.06. However, SHINE FSAR Section
4a2.6.2.6.1, “Uncertainties in Kert Values Relying on MCNP Calculation,” assigns a margin of
subcriticality of 0.05 to the target solution vessel (TSV) dump tanks despite being subject to the
same vulnerabilities as those necessitating an additional penalty of 0.01 and relying on the
same computational method, cross-section library, and validation report.

a. Justify the use of a unique margin of subcriticality (0.05) for the TSV dump tanks, noting that
any additional data obtained through 1/M experiments does not contribute to the validation
of SHINE’s computational method (MCNP5) and its determination of bias and bias
uncertainty.

b. Describe how the use of a unique margin of subcriticality (0.05) for the TSV dump tanks is
consistent with American National Standards Institute/American Nuclear Society
(ANSI/ANS) 8.24-2017, “Validation of Neutron Transport Methods for Nuclear Criticality
Safety Calculations,” as committed to in FSAR, Section 6b.3.1.3, “Use of National
Consensus Standards.”

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE’s conduct of
operations will be based on nuclear criticality safety (NCS) technical practices, which will ensure
that the fissile material will be possessed, stored, and used safely.

SHINE Response

SHINE applies a subcritical margin of 0.06 to target solution processes, with the exception of
the target solution vessel (TSV). Sections 4a2.6 and 4a2.8 of the Final Safety Analysis
Report (FSAR) have been revised to describe the application of this subcritical margin to the
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TSV dump tank and the TSV off-gas system (TOGS). A mark-up of the FSAR incorporating
these changes is provided as Attachment 1. SHINE has also revised Table 5.5.4 of the technical
specifications to describe the application of this subcritical margin to the TSV dump tank and the
TOGS. A mark-up of the technical specifications incorporating these changes is provided as
Attachment 2. SHINE will provide a revision to the technical specifications incorporating the
mark-up by February 28, 2021.

RAI 6b.3-2

FSAR, Section 6b.3.1.5, states that if the double contingency principle (DCP) cannot be
employed, consideration is given to the use of ANSI/ANS-8.10-2015, “Criteria for Nuclear
Criticality Safety Controls in Operations with Shielding and Confinement,” to allow
single-contingency operations or mitigation of consequences. FSAR, Section 6b.3.1.3, states
that SHINE is committed to following ANSI/ANS-8.10-2015, as endorsed by RG-3.71.

To understand if there are circumstances where the DCP cannot be employed, the applicant
should identify any such cases in the license application in which the DCP is not practicable and
should provide justification as to why the affected processes are acceptably safe.

a. Describe how ANSI/ANS-8.10 would be implemented in the event that the DCP cannot be
employed given that ANSI/ANS-8.10, Paragraph 4.1(a), states that the provisions of the
standard may only be applied in facilities where all operations involving fissionable materials
are conducted remotely by personnel located outside of the shielded area.

b. RG-3.71 includes a clarification to ANSI/ANS-8.10 that the dose limits for an intermediate
consequence event in 10 CFR Section 70.61, “Performance Requirements,” may be used in
lieu of the dose limits specified in Section 4.2.1 of the standard. State which dose limits
would be applied if ANSI/ANS-8.10 were implemented.

c. Discuss any instances in which the DCP is not practicable at the SHINE facility. Provide a
justification for any such instance.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE’s conduct of
operations will be based on NCS technical practices, which will ensure that the fissile material
will be possessed, stored, and used safely.

SHINE Response

There are no instances in the SHINE facility where the double contingency principle is not
practicable. Subsections 6b.3.1.3 and 6b.3.1.5 of the FSAR have been revised to remove the
commitment to the use of American National Standards Institute/American Nuclear

Society (ANSI/ANS)-8.10-2015, Criteria for Nuclear Criticality Safety Controls in Operations with
Shielding and Confinement (Reference 3). Subsection 6b.3.1.4 of the FSAR has been revised to
state that, where the double contingency principle is employed, the nuclear criticality safety
evaluation contains a description of its implementation. A mark-up of the FSAR incorporating
these changes is provided as Attachment 1.
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RAI 6b.3-3

FSAR, Section 6b.3.1.5, states that processes within the radioisotope production facility (RPF)
generally comply with the DCP. FSAR Section 6b.3.1.3 states that SHINE commits to
ANSI/ANS 8.1-2014, “Nuclear Criticality Safety in Operations with Fissionable Materials Outside
Reactors,” which includes adherence to the DCP. However, SHINE does not define the terms
“unlikely” or “credible” as they apply to the DCP.

Define the terms “unlikely” and “credible” as they relate to the DCP.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE’s conduct of
operations will be based on NCS technical practices, which will ensure that the fissile material
will be possessed, stored, and used safely.

SHINE Response

While the term “credible” does not appear in the establishment of the double contingency
principle, it is closely related as part of the process analysis requirement in ANSI/ANS-8.1-2014,
Nuclear Criticality Safety in Operations with Fissionable Materials Outside Reactors

(Reference 4). As discussed in Appendix B of ANSI/ANS-8.1-2014, the term “credible” relies on
the judgement of key professionals involved in the evaluation process. Consequently, SHINE
employs a multi-disciplinary approach in the evaluation process which includes key
stakeholders from operations, design engineering, and safety analysis to determine the set of
credible process upsets for each evaluated process. The nuclear criticality safety evaluation
process utilizes appropriate hazard evaluation techniques (what-if/checklist and event tree
analysis) to aid in the determination of credible process upsets. Process upsets are considered
credible unless they are not physically possible or are caused by a sequence of events involving
many unlikely human actions or errors for which there is no reason or motive.

Because the nuclear criticality safety evaluation process does not rely on quantitative analysis
to determine the likelihood of potential process upsets, the term “unlikely” is used in its plain
meaning as interpreted by the key stakeholders involved in the evaluation process. For each
identified process upset, the conditions of the system, its construction, and the event sequence
are considered by the evaluators when determining whether the process upset can qualitatively
be considered unlikely. The independence of potential simultaneous process upsets is similarly
considered as part of the evaluation process to ensure that the process analysis requirement is
satisfied and the application of the double contingency principle is adequate.

The application of this approach is addressed in Subsection 6b.3.1.4 of the FSAR, which states,
in part, “identified scenarios are screened based on a qualitative determination of likelihood.”
Nuclear criticality safety evaluations are documented with sufficient detail, clarity, and lack of
ambiguity to allow independent judgment of results by personnel familiar with the physics of
nuclear criticality, the facility operations, and the associated nuclear criticality safety practices.
To support this programmatic requirement, nuclear criticality safety evaluations contain explicit
descriptions of the implementation of the double contingency principle, as described in
Subsection 6b.3.1.5 of the FSAR.
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RAI 6b.3-4

FSAR, Section 6b.3.1.8, states that facility procedures include provisions for rapid evaluation of
the significance of NCS events, including immediate notifications of facility NCS staff and the
assessment of events with respect to the loss or degradation of double contingency protection.
The DCP is primarily a design principle as opposed to a representation of a state of existence.
Therefore, the determination of whether a report to the NRC is required should be based on the
likelihood of inadvertent criticality, not whether double contingency protection was maintained.

a. Describe the method in which NCS events are evaluated for whether a report to the NRC is
required. Discuss whether SHINE intends to commit to the reporting requirements of
10 CFR 70, Appendix A for NCS events.

b. State whether SHINE commits to meeting the requirements of 10 CFR 70.50 and 70.52 with
respect to reporting the occurrence of inadvertent criticality to the NRC.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

a. SHINE administrative procedures describe the response to anomalous conditions involving
criticality safety, including the evaluation of anomalous conditions by nuclear criticality
safety (NCS) staff. SHINE administrative procedures also direct NCS staff to consult the
applicable nuclear criticality safety evaluation(s) to determine the significance of the event,
and to coordinate with Licensing and Operations personnel to ensure appropriate reporting
requirements are met.

Subsection 6b.3.1.8 of the FSAR has been revised to include a commitment to the reporting
requirements of 10 CFR Part 70, Appendix A, for NCS events. A mark-up of the FSAR
incorporating these changes is provided as Attachment 1. SHINE has also revised

Section 5.8 of the technical specifications to include the applicable reporting requirements of
10 CFR Part 70, Appendix A in the Administrative Controls section of the technical
specifications. A mark-up of the technical specifications incorporating these changes is
provided as Attachment 2. SHINE will provide a revision to the technical specifications
incorporating the mark-up by February 28, 2021.

b. Subsection 6b.3.1.8 of the FSAR has been revised to include a commitment to the reporting
requirements of 10 CFR 70.50 and 10 CFR 70.52. A mark-up of the FSAR incorporating
these changes is provided as Attachment 1. SHINE has also revised Section 5.8 of the
technical specifications to include the reporting requirements of 10 CFR 70.50 and
10 CFR 70.52 in the Administrative Controls section of the technical specifications. A mark-
up of the technical specifications incorporating these changes is provided as Attachment 2.
SHINE will provide a revision to the technical specifications incorporating the mark-up by
February 28, 2021.
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RAI 6b.3-5

The SSA states that reliability management measures are considered to be programmatic
administrative controls. FSAR, Section 12.5, provides actions regarding reporting safety limit
violations and occurrences requiring special reports other than a safety limit violation to the
NRC, including observed inadequacies in the implementation of administrative or procedural
controls such that the inadequacy causes or could have caused the existence or development
of an unsafe condition with regard to operations. However, it is not clear whether failures and/or
degradations to reliability management measures that negatively impact a control’s ability to
perform its intended safety function would be reported to the NRC.

Discuss how failures and degradations of reliability management measures are assessed with
respect to reporting to the NRC.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

Reliability management measures, discussed as programmatic administrative controls in the
SHINE safety analysis (SSA), are referenced within Section 5.0 of the technical specifications.

Reporting requirements for SHINE are described in both Section 12.5 of the FSAR and in
Section 5.8 of the technical specifications. Section 5.8.2 of the technical specifications describes
the special reports that are required to be submitted by SHINE to the NRC. Item h. of this
section specifies that reports are required upon an observed inadequacy in the implementation
of administrative or procedural controls such that the inadequacy causes or could have caused
the existence or development of an unsafe condition with regard to operations.

This reporting requirement applies to the administrative controls described in the technical
specifications, including the nuclear criticality safety program described in Section 5.5.7 of the
technical specifications and the other programmatic administrative controls referenced
throughout Section 5.0.

Therefore, failures or degradations to reliability management measures (i.e., inadequacies in the
implementation of administrative controls described in Section 5.0 of the technical
specifications) that negatively impact a control’s ability to perform its intended safety function
(i.e., that cause or could have caused the existence or development of an unsafe condition with
regard to operations) would be reported to the NRC in accordance with Section 5.8.2 of the
technical specifications.

RAI 6b.3-6
FSAR, Section 6b.3.1.4, states that criticality safety limits are derived based on assuming
optimum or most-reactive credible parameter values unless specific controls are implemented to

limit parameters to a particular range. The term “credible” is defined in the SHINE SSA, as it
relates to abnormal conditions, changes in process conditions, and accident sequences.
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However, the definition provided does not address the use of the term “credible” as it relates to
criticality safety parameter values.

Describe how the credibility of a most-reactive credible parameter value would be identified and
how its credibility would be assessed.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

As discussed in Appendix B of ANSI/ANS-8.1-2014 (Reference 4), the term “credible” relies on
the judgement of key professionals involved in the evaluation process. Consequently, SHINE
employs a multi-disciplinary approach in the evaluation process which includes key
stakeholders from operations, design engineering, and safety analysis to determine the set of
credible process conditions and range of credible parameter values.

The nuclear criticality safety evaluation process utilizes appropriate hazard evaluation
techniques (what-if/checklist and event tree analysis) to aid in the determination of credible
process conditions. The range of each evaluated parameter is not constrained unless some
values are not physically possible or are caused by a sequence of events involving many
unlikely human actions or errors for which there is no reason or motive.

The value of a parameter which provides the highest multiplication factor (ker) is the most
reactive value of that parameter. In combination with the judgment of the key professionals
performing a nuclear criticality safety evaluation regarding which values are “credible,” the
“most-reactive credible” value of a parameter is the value which lies within the range of credible
values and has the highest multiplication factor.

RAI 6b.3-7

FSAR, Section 6b.3.1.3, states that SHINE commits to following ANSI/ANS-8.7-1998, “Nuclear
Criticality Safety in the Storage of Fissile Materials,” as endorsed by Regulatory Guide
(RG)-3.71, “Nuclear Criticality Safety Standards for Nuclear Materials Outside Reactor Cores.”
The staff reviewed a select sample of nuclear criticality safety evaluations (NCSEs) to evaluate
the adequacy of SHINE’s criticality safety program commitments and identified apparent
inconsistencies with certain aspects of ANSI/ANS-8.7. ANSI/ANS-8.7, Paragraph 1, states that
the standard cannot effectively cover all conditions of interest with respect to the storage of
fissile material, and for this reason supplementary information is encouraged. ANSI/ANS-8.7,
Paragraph 4.2.1, states that limits for the storage of fissile material shall be based on
experimental data or on the results of calculations made through the use of validated
computational techniques.

State how the design of the uranium receipt and storage system (URSS) storage rack meets

ANSI/ANS-8.7-1998, as endorsed by RG-3.71. Explicitly discuss the experimental data or
calculations performed using a validated computational technique used in its design.

Page 6 of 42



This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE’s conduct of
operations will be based on NCS technical practices, which will ensure that the fissile material
will be possessed, stored, and used safely.

SHINE Response

ANSI/ANS-8.7-1998, Nuclear Criticality Safety in the Storage of Fissile Materials (Reference 5),
provides mass limits for a variety of array configurations for the storage of uranium. The mass
limits provided in ANSI/ANS-8.7-1998 are based on validated computational methods. Section 5
of ANSI/ANS-8.7-1998 states that the limits provided in the tables may be applied directly to the
solution of practical storage problems. Section 5 of ANSI/ANS-8.7-1998 also describes the
method by which the limits were derived.

SHINE directly applies the limits provided in ANSI/ANS-8.7-1998 to the design of the uranium
receipt and storage system (URSS) storage rack, and observes the restrictions identified in the
standard without exception.

RAI 6b.3-8

FSAR, Section 6b.3.1.3, states that SHINE commits to following ANSI/ANS-8.21-1995, “Use of
Fixed Neutron Absorbers in Nuclear Facilities Outside Reactors,” and that SHINE does not use
soluble neutron absorbers as a means of criticality control and therefore does not commit to
ANSI/ANS 8.14 2004, “Use of Soluble Absorbers in Nuclear Facilities Outside Reactors.” These
statements suggest that SHINE may use fixed neutron absorbers but not soluble. However,
FSAR, Section 6b.3.2, does not include the use of either type of neutron absorber (fixed or
soluble) as a means of criticality control. Additionally, no commitments or discussion is provided
regarding the use of neutron absorbers as a means of criticality control.

State whether SHINE uses, or plans to use, neutron absorbers as a means of criticality control.
If either type of absorber (fixed or soluble) is used, state SHINE’s specific commitments
regarding their use as a means of criticality control.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE’s conduct of
operations will be based on NCS technical practices, which will ensure that the fissile material
will be possessed, stored, and used safely.

SHINE Response

Fixed or soluble neutron absorbers are not used or planned to be used as a means of criticality
control at the SHINE facility. Subsection 6b.3.1.3 of the FSAR has been revised to remove the
commitment to the use of ANSI/ANS-8.21-1995, Use of Fixed Neutron Absorbers in Nuclear
Facilities Outside Reactors (Reference 6). A mark-up of the FSAR incorporating these changes
is provided as Attachment 1.
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RAI 6b.3-9

FSAR, Section 6b.3.2, states that the correlation of process variables to an associated
controlled parameter is established by experiment or plant-specific measurements. However,
no details are provided as to how this commitment would be implemented.

Explain how this commitment would be implemented for correlations established by both
experiment and plant-specific methods. Explain how it is assured that inappropriate reliance is
not placed on as found conditions or on process assumptions and characteristics that are not
controlled.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

Correlation of process variables to controlled parameters is accomplished by direct or indirect
measurements of plant equipment, plant processes, or experiments used to determine such a
correlation, including consideration of associated uncertainty of the measurement technique.
Direct correlations apply when monitored process variables are directly measured. Indirect
correlations may be established when direct measurements of controls are not possible and
may be developed using known empirical or theoretical relationships or developed through
plant-specific data collection. Correlations are documented in accordance with SHINE
procedures.

Correlation inputs will be defined and documented for a specific controlled parameter, including
process assumptions and characteristics. A discrepant as-found condition or discovery of
process conditions beyond what is assumed or controlled in a nuclear criticality safety
evaluation will be identified as a nonconformance, and evaluated as a change (modification,
addition to, or removal from the documented correlation) under the 10 CFR 50.59 process.
Appropriate immediate actions will be taken to prevent criticality until safety can be assured.
Such conditions will be evaluated for reportability, and if required, appropriate reports to the
NRC will be made.

RAI 6b.3-10

SHINE document NCSE-2018-0011, Section 4.1.1, “Subcritical Mass Limits,” states that the
subcritical mass limits for operations in the Quality Control and Analytical Testing Laboratories
(LABS) were derived based on the single parameter limits (SPLs) from ANSI/ANS-8.1.
However, the SPLs used appear to be that of a material composition inconsistent with, and
potentially nonconservative of, the materials associated with LABS operations.

a. Describe the methodology used to determine whether a composition-specific SPL may be
used to establish NCS limits for another material composition.

Provide a justification for applying the SPLs of a material composition other than those
associated with a specific process.
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This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have the
capability to perform adequate safety analyses of all production processes that will be
conducted in the facility.

SHINE Response

The SHINE Response to RAI 6b.3-10 will be provided by January 31, 2021.
RAI 6b.3-11

FSAR, Section 6b.3.1.4, “Nuclear Criticality Safety Evaluations,” states that NCSEs are
conducted for each fissionable material operation (FMO) within the RPF to ensure that under
normal and credible abnormal conditions, all nuclear processes are subcritical, including the use
of an approved margin of subcriticality for safety. However, in SHINE document
NCSE-2018-0011, Section 5.1, “Normal Process Conditions,” it is not clear how SHINE applies
the definition of fissionable material operation as described in the FSAR.

Stating that an operation does not qualify as an FMO, while acknowledging that there are
credible accident sequences associated with the operation requiring the implementation of
controls to limit its likelihood of occurrence, is inherently contradictory. Additionally, stating that
an operation does not qualify as an FMO effectively bypasses SHINE’s commitment to perform
an NCSE per FSAR, Section 6b3.3.1.4.

Clarify the statements in the FSAR regarding what qualifies as an FMO and when an NCSE is
required with information from SHINE document 1500-09-01, “Criticality Safety Program,” as
applicable.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have the
capability to perform adequate safety analyses of all production processes that will be
conducted in the facility.

SHINE Response

SHINE document NCSE-2018-0011 has been revised to remove its distinction as not a
fissionable material operation (FMO), resolving the inherent contradiction. The identified
credible process upset for the quality control and analytical testing laboratories (LABS) is that
the established mass limit would be exceeded; therefore, operations within the LABS have the
potential to exceed 250 grams total uranium, consistent with the definition of an FMO provided
in Subsection 6b.3.1.4 of the FSAR.

Use of the definition of an FMO provided in Subsection 6b.3.1.4 of the FSAR provides a

screening criterion by which NCS staff can effectively ascertain when to perform a nuclear
criticality safety evaluation for specific processes.
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RAI 6b.3-12

SHINE document NCSE-2018-0010, “Nuclear Criticality Safety Evaluation of the Radioactive
Liquid Waste Immobilization System (RLWIS),” Section 4.1.1, “Subcritical Limits Uranyl Sulfate,”
provides a methodology to derive the limits for uranium concentration. However, the proposed
methodology is imprecise and does not necessarily provide an adequate demonstration that
RLWIS operations are below the appropriate upper subcritical limit.

Provide a justification for using the stated methodology to determine NCS limits, demonstrating
assurance that the USL is not exceeded using information from CALC-2018-0009, “Single
Parameter Limits for Fissile Material” (2018), and any other supporting analyses, as applicable.
Update the FSAR with a justification for using the stated methodology.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have the
capability to perform adequate safety analyses of all production processes that will be
conducted in the facility.

SHINE Response

The SHINE Response to RAI 6b.3-12 will be provided by January 31, 2021.
RAIl 6b.3-13

10 CFR Part 50.34(b) states that the FSAR shall include information that describes the facility,
presents the design bases and the limits on its operation, and presents a safety analyses of the
structures, systems and components and of the facility as a whole.

10 CFR 50.34(b)(2) states that a description and analyses of the structures, systems and
components of the facility, with emphasis upon the performance requirements, the bases, with
technical justification therefor, upon which such requirements have been established, and the
evaluations required to show that safety functions will be accomplished.

The ISG augmenting NUREG-1537, Part 2, Chapter 6b.3, “Nuclear Criticality Safety in the
Radioisotope Production Facility,” states, in part, that for each methodology used to perform a
nuclear criticality safety analysis, a validation report should be generated.

FSAR, Section 6b.3.1.3, states that SHINE commits to ANSI/ANS-8.24-2017, “Validation of
Neutron Transport Methods for Nuclear Criticality Safety Calculations;” however, this is not
sufficient to satisfy the ISG augmenting NUREG-1537 acceptance criteria related to validation.
SHINE provided document CALC-2018-0012, “MCNP5 Validation for Reactivity in Solution
Systems for the SHINE Facility,” Revision 0, which contains information related to the ISG
augmenting NUREG-1537 acceptance criteria; however, this is not equivalent to providing
explicit commitments in the FSAR.

Provide information that addresses the ISG augmenting NUREG-1537 acceptance criteria
related to validation. Specifically address the following criteria:

a. asummary of the validation methodology, including the method used to select benchmark
experiments, determine bias and bias uncertainty, and determine the upper subcritical limit;
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d.
e.
f

a summary of the physical systems and area(s) of applicability covered by the validation
report;

a description of the methods used to justify applying the methodology outside the area(s) of
applicability;

a summary of the plant-specific benchmark experiments used to validate the methodology;
a justification of the proposed margin of subcriticality; and

a description of the controlled software and hardware.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have the
capability to perform adequate safety analyses of all production processes that will be
conducted in the facility.

SHINE Response

a.

The SHINE validation report uses benchmarks from the Handbook of the International
Criticality Safety Benchmark Evaluation Project (ICBEP) (Reference 7). Benchmarks were
selected for evaluation based on their similarity to the SHINE solution system, as no plant-
specific benchmark experiments are available. The fissile material, enrichment, chemical
form, range of concentration, and reflector materials were considered in the selection of
benchmarks. A total of 128 cases from 14 separate benchmark series were selected. The
selected benchmarks series, number of cases selected from each benchmark series, and a
description of each physical system is provided in Table 6b.3-13-1.

Table 6b.3-13-1: Summary of Benchmarks Selected for the SHINE Validation Report

Benchmark Series Cases Description of Physical Systems
LEU-SOL-THERM-003 9 10.06% enriched uranyl nitrate, un-reflected
IEU-SOL-THERM-002 13 30.45% enriched uranyl fluoride, water-reflected

and un-reflected
IEU-SOL-THERM-003 46 30.3% uranyl fluoride, water-reflected and un-
reflected

IEU-SOL-THERM-004

LEU-SOL-THERM-004
LEU-SOL-THERM-007
LEU-SOL-THERM-008
LEU-SOL-THERM-016
LEU-SOL-THERM-017
LEU-SOL-THERM-018
LEU-SOL-THERM-020
LEU-SOL-THERM-021
LEU-SOL-THERM-023
LEU-SOL-THERM-025

14.7% uranyl sulfate, reflected by beryllium oxide
9.97% enriched uranyl nitrate, water-reflected
9.97% enriched uranyl nitrate, un-reflected
9.97% enriched uranyl nitrate, concrete-reflected
9.97% enriched uranyl nitrate, water-reflected
9.97% enriched uranyl nitrate, un-reflected
9.97% enriched uranyl nitrate, concrete-reflected
9.97% enriched uranyl nitrate, water-reflected
9.97% enriched uranyl nitrate, un-reflected
9.97% enriched uranyl nitrate, un-reflected
9.97% enriched uranyl nitrate, concrete-reflected

~N|o|hNo|o|N|N o=

The bias and bias uncertainty were calculated using the methodology described in
NUREG/CR-6698, Guide for Validation of Nuclear Criticality Safety Calculational
Methodology (Reference 8). The benchmark data were tested using a modified Shapiro-Wilk
test for normality and were determined to be normally distributed. A single-sided tolerance
limit approach was used to determine the bias uncertainty. The upper subcritical limit is the
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difference between unity and the sum of the bias (zero, because a positive bias was
determined), the bias uncertainty, and the subcritical margin.

. A description of each physical system covered by the SHINE validation report is provided in
Table 6b.3-13-1.

A summary of the area of applicability covered by the SHINE validation report is provided in
Table 6b.3-13-2.

Table 6b.3-13-2: Area of Applicability Summary

Parameter Area of Applicability
Fissile Material and Composition Uranyl Sulfate
Uranyl Nitrate
Uranyl Fluoride
Chemical Form Solution
Average Neutron Energy Causing Fission 0.004-0.064
(ANECF) (MeV)
Enrichment (wt. %) 10-30.5
Reflector Materials None
Water
Graphite
Beryllium Oxide
Concrete
Uranium Concentration (g-U/L) 52.8-960
H/?5U Ratio 75-1610

c. As described in Subsection 6b.3.1.5 of the FSAR, the validation range may be extended

beyond the range of the benchmark data using additional subcritical margin or bias trending
analysis to ensure that the existing subcritical margin is appropriate. Where extrapolation or
wide interpolations are used to extend the validation range, the recommendations of
NUREG/CR-6698 (Reference 8) are used.

No plant-specific benchmark experiments are available.

The margin of subcriticality used for SHINE solution processes is 0.06. A subcritical margin
of 0.05 was conservatively selected based on the quantity and quality of the selected
benchmarks. An additional subcritical margin of 0.01 is applied to provide additional
conservatism to account for the limited number of experimental benchmarks specific to
uranyl sulfate systems.

The SHINE validation process was performed using Monte Carlo n-Particle (MCNP)
software, version MCNP5-1.60. ENDF/B-VII.1 standard cross-section libraries and ENDF/B-
VII.0 thermal scattering cross-sections were used for the validation process. The software is
installed on a group of Linux computers using CentOS release 7.3.1611. Each computer
uses either AMD Opteron 6344 12-core or AMD Opteron 6100 16 core processors.
Verification of the MCNP software installation was performed using developer-supplied
verification tools, and re-verification of the computational system is conducted following any
changes to the hardware or operating system.
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Subsection 6b.3.1.4 and 6b.3.1.5 of the FSAR have been revised to further summarize the
SHINE validation report, as described above. A mark-up of the FSAR incorporating these
changes is provided as Attachment 1.

RAI 6b.3-14

10 CFR 50.68(a) states that the applicant shall comply with the requirements of 10 CFR 70.24,
“Criticality accident requirements,” or meet certain alternative requirements, as described in

10 CFR 50.68(b), in lieu of maintaining a criticality accident alarm system as described in

10 CFR 70.24.

10 CFR 70.24(a) requires, in part, that each licensee authorized to possess special nuclear
material (SNM) in a quantity exceeding 700 grams of contained uranium-235 (U-235),

520 grams of U-233, 450 grams of plutonium, 1.5 kilograms of contained U-235 if no uranium
enriched to more than 4 wt.% U-235 is present, or 450 grams of any combination thereof,
maintain in each area in which such licensed SNM is handled, used, or stored, a criticality
accident alarm system.

The ISG augmenting NUREG-1537, Part 2, Chapter 6b3.2, “Nuclear Criticality Safety in the
Radioisotope Production Facility,” states, in part, that the applicant should state clearly how the
design of the facility or process provides for criticality control and should identify how the
requirements of 10 CFR 70.24 were considered.

FSAR, Section 6b.3.3, “Criticality Accident Alarm System,” states that the SHINE facility
provides a criticality accident alarm system (CAAS) to detect a criticality event in the areas in
which non-exempt quantities of fissile material greater than the limits identified in

10 CFR 70.24(a) are used, handled, or stored outside the irradiation units, where “exempt fissile
material” is defined as SNM that meets the requirements from classification as fissile material as
specified in 10 CFR 71.15. However, the requirements of 10 CFR 70.24 regarding whether a
CAAS is required are based on specific, objective criteria of SNM mass quantities by isotope (or
combinations thereof). It does not provide any distinctions as to whether such SNM quantities
are, or should be considered, fissile or fissile-exempt, nor does it provide any exceptions for
SNM quantities in excess of those limits. As such, SNM quantities greater than the limits
established by 10 CFR 70.24 require CAAS coverage regardless of whether they meet the
requirements from classification as fissile material as specified in 10 CFR 71.15.

Revise the FSAR to be consistent with the requirements of 10 CFR 70.24, or justify why those
requirements do not need to be met for certain areas of the facility.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will develop,
implement, and maintain a criticality accident alarm system that meets the acceptance criteria in
Section 6b.3 of the ISG; and will have in place an NCS program.

SHINE Response

The SHINE Response to RAI 6b.3-14 will be provided by January 31, 2021.
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RAI 6b.3-15

10 CFR 50.34(b)(6) states that the FSAR shall include information concerning facility operation,
including the applicant’s organizational structure, allocations or responsibilities, and personnel
qualification requirements.

The ISG augmenting NUREG-1537, Part 2, Chapter 6b.3, “Nuclear Criticality Safety in the
Radioisotope Production Facility,” states, in part, that the applicant’s surveillance requirements
should be considered acceptable if the applicant has met certain acceptance criteria or has
identified and justified an alternative, including meeting the intent of ANSI/ANS-8.19,
“Administrative Practices for Nuclear Criticality Safety,” and ANSI/ANS-8.20, “Nuclear Criticality
Safety Training,” as they relate to training.

FSAR, Section 6b.3.1.2, discusses the minimum qualification entry requirements for criticality
safety staff, including fissile material handlers. This suggests that fissile material handlers are
considered part of the criticality safety staff. However, Section 6b.3.1.2 further states that there
are three qualification levels for criticality safety staff and specific functional area qualifications
for fissile material handlers. This suggests that fissile material handlers have separate
qualification requirements from the criticality safety staff.

FSAR, Section 6b.3.1.2, states that SHINE’s NCS training program consists of two tiers, with
Tier 1 being directed toward personnel who manage, work in, or work near areas where a
potential for criticality exists and Tier 2 being specific to NCS staff. However, it is not clear
whether NCS staff are required to receive both tiers, or simply Tier 2, of training.

a. Clarify whether fissile material handlers are considered part of the criticality safety staff.
State the difference in qualification requirements for fissile material handlers and criticality
safety staff.

b. Clarify which training requirements apply to NCS staff.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

a. Fissile material handlers are not part of the NCS staff. Fissile material handlers are
operational staff that will receive training on nuclear criticality safety. In addition to receiving
training on the tier one training requirements, fissile material handlers must demonstrate
proficiency in the knowledge areas through the administration of examinations. The
qualification and training for fissile material handlers at SHINE includes:

Tier one training requirements;

o A working level of knowledge of criticality accident alarm system response and criticality
safety and facility procedures for identifying, responding to, and reporting criticality
safety non-conformances; and
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o A working level of knowledge of facility processes as it applies to specific processes for
which qualification as a fissile material handler is applicable.

The training and qualification requirements for NCS staff are described in
Subsection 6b.3.1.2 of the FSAR.

Subsection 6b.3.1.2 of the FSAR has been revised to remove fissile material handlers from
the listing of NCS staff. A mark-up of the FSAR incorporating these changes is provided as
Attachment 1.

b. The three qualification levels for NCS staff are NCS analyst, NCS engineer, and senior NCS
engineer. NCS analysts are required to demonstrate knowledge and proficiency in areas
appropriate to the ability to effectively conduct calculations related to nuclear criticality
safety. NCS engineers are required to demonstrate knowledge of tier one and tier two
training requirements. Senior NCS engineers are required to be qualified as NCS engineers
and demonstrate higher level of proficiency for selected subjects. Training requirements for
NCS staff are consistent with the training requirements specified in ANS/ANS-8.26-2007
(R2016), Criticality Safety Engineer Training and Qualification Program (Reference 9).

RAI 6b.3-16

10 CFR 50.34(b)(6)(i) states that the FSAR shall include information concerning facility
operation, including the applicant’s organizational structure, allocations or responsibilities, and
personnel qualifications requirements.

The ISG augmenting NUREG-1537, Part 2, Chapter 6b.3, “Nuclear Ciriticality Safety in the
Radioisotope Production Facility,” states, in part, that the applicant's NCS organization and
administration should be acceptable if certain acceptance criteria are met, including a
commitment to provide distinctive NCS postings in areas, operations, work stations, and storage
locations relying on administrative controls for NCS; and a commitment to require personnel to
perform activities in accordance with written and approved procedures. Unless a specific
procedure deals with the given situation, personnel shall take no action until the NCS staff has
evaluated the situation and provided recovery procedures.

FSAR, Section 6b.3.1, “Nuclear Criticality Safety Program,” states that the criticality safety
program (CSP) is executed by qualified NCS staff using written procedures, SHINE facility
management has a responsibility to require that activities involving fissile material be conducted
using written procedures, and personnel are required to take no action until the NCS staff has
evaluated the situation and provided recovery instructions for situations in which existing
procedures are inadequate or do not exist. However, these statements only provide
commitments in terms of the responsibilities of facility management and NCS staff and are not
equivalent to a commitment to require personnel to perform activities in accordance with written
and approved procedures. Additionally, the FSAR does not address the use of NCS postings in
areas, operations, workstations, and storage locations relying on administrative controls.

a. State whether SHINE commits to conduct activities that affect NCS in accordance with
written and approved procedures. For situations in which a specific procedure is inadequate
or does not exist, state whether personnel are required to take no action until the NCS staff
has evaluated the situation and provided recovery procedures.
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b. State whether SHINE commits to using NCS postings in areas, operations, workstations,
and storage locations relying on administrative controls.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

a. Activities involving fissile material are conducted using written and approved procedures.
For situations in which approved procedures are inadequate or do not exist, personnel are
required to take no action until the NCS staff has evaluated the situation and provided
recovery instructions. Subsection 6b.3.1.7 of the FSAR has been revised to clarify to use of
approved procedures for activities involving fissile material. A mark-up of the FSAR
incorporating these changes is provided as Attachment 1.

b. Procedures are supplemented by appropriate material labeling and postings, specifying
material identification and limits on parameters, in areas, operations, workstations, and
storage locations subject to procedural controls. Subsection 6b.3.1.7 of the FSAR has been
revised to clarify to use of material labeling and postings. A mark-up of the FSAR
incorporating these changes is provided as Attachment 1.

RAI 6b.3-17

10 CFR 50.34(b)(6)(iv) states that the FSAR shall include information concerning facility
operation, including the applicant’s plans for conduct of normal operations, including
maintenance, surveillance, and periodic testing of structures, systems, and components.

The ISG augmenting NUREG-1537, Part 2, Chapter 6b.3, “Nuclear Criticality Safety in the
Radioisotope Production Facility,” states, in part, that the applicant’s surveillance requirements
should be considered acceptable if the applicant has met certain acceptance criteria or has
identified and justified an alternative, including a commitment to conduct and document periodic
NCS audits such that all NCS aspects of surveillance requirements will be audited at least every
two years.

FSAR, Section 6b.3.1.7, suggests that an audit of the overall effectiveness of the CSP is
performed at least every three years. Additionally, reviews of NCSEs and calculations are
performed such that each evaluation and calculation is reviewed at least once every three
years. These commitments appear to be inconsistent with the ISG augmenting NUREG-1537
acceptance criterion that requires such audit aspects be performed at least every two years.

Provide a justification for performing NCS audits such that all NCS aspects will be audited every
three years, as opposed to at least every two years.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
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are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

Performance of an audit of the overall effectiveness of the nuclear criticality safety program at
least every three years is consistent with the guidance in Section 4.7 of ANSI/ANS-8.19-2014,
Administrative Practices for Nuclear Criticality Safety (Reference 10), which states,
“Management shall participate in auditing the overall effectiveness of the nuclear criticality
safety program at least once every 3 years.” The NRC endorsed the use of ANSI/ANS-8.19-
2014 without exception via Regulatory Guide 3.71, Nuclear Criticality Safety Standards for
Nuclear Materials Outside Reactor Cores (Reference 11).

RAI 6b.3-18

10 CFR 50.34(b)(6)(iv) states that the FSAR shall include information concerning facility
operation, including the applicant’s plans for conduct of normal operations, including
maintenance, surveillance, and periodic testing of structures, systems, and components.

The ISG augmenting NUREG-1537, Part 2, Chapter 6b.3, “Nuclear Ciriticality Safety in the
Radioisotope Production Facility,” states, in part, that the applicant’s surveillance requirements
should be considered acceptable if the applicant has met certain acceptance criteria or has
identified and justified an alternative, including a commitment to include NCS audit requirements
in the Administrative Controls section of the facility technical specifications.

Audit requirements are included in the Administrative Controls section of the facility technical
specifications (Appendix A to the FSAR, “Technical Specifications and Bases”). However, this
is not equivalent to a commitment to include audit requirements in the Administrative Controls
section of the facility technical specifications.

State whether SHINE commits to include NCS audit requirements in the Administrative Controls
section of the facility technical specifications.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that credible postulated criticality
accident scenarios can be performed and adequate preventive and mitigative controls and
measures will be included in the production facility technical specifications as required by

10 CFR 50.36.

SHINE Response

SHINE has revised Section 5.2.4 of the technical specifications to include the nuclear criticality
safety program audit requirements in the Administrative Controls section of the technical
specifications. A mark-up of the technical specifications incorporating these changes is provided
as Attachment 2. SHINE will provide a revision to the technical specifications incorporating the
mark-up by February 28, 2021.
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RAI 6b.3-19

10 CFR 50.34(b)(6)(iv) states that the FSAR shall include information concerning facility
operation, including the applicant’s plans for conduct of normal operations, including
maintenance, surveillance, and periodic testing of structures, systems, and components.

The ISG augmenting NUREG-1537, Part 2, Chapter 6b.3, “Nuclear Criticality Safety in the
Radioisotope Production Facility,” states, in part, that the applicant’s surveillance requirements
should be considered acceptable if the applicant has met certain acceptance criteria or has
identified and justified an alternative, including a commitment to conduct and document
walkthroughs of all operating SNM process areas such that all areas will be reviewed at some
specified frequency. The reviewer should consider the complexity of the process, the degree of
process monitoring, and the degree of reliance on administrative controls in assessing the
acceptability of the specified frequency.

FSAR, Section 6b.3.1.7, states that operations are reviewed at least annually to verify that
procedures are being followed and that process conditions have not been altered to affect the
NCSE. NCS staff conduct and participate in routine audits of NCS practices, including
compliance with procedures. However, it is not clear whether these oversight activities include
a physical walkthrough of operating process areas, and a justification for the frequency in which
these oversight activities are performed is not provided.

State whether SHINE commits to have NCS staff conduct and document walkthroughs of all
operating SNM process areas such that all areas will be reviewed at some frequency. Provide a
justification for the specified frequency.

This information is necessary for the NRC staff to make the necessary evaluation findings
described in the ISG augmenting NUREG-1537, Part 2, Section 6b.3. Specifically, the
requested information will support the NRC staff in concluding that SHINE will have in place a
staff of managers, supervisors, engineers, process operators, and other support personnel who
are qualified to develop, implement, and maintain the NCS program in accordance with the
facility organization and administration and management measures.

SHINE Response

SHINE will conduct walkthroughs of facility processes and procedures as part of the annual
operational review described in Subsection 6b.3.1.7 of the FSAR. The annual frequency of the
operational review, including the review of process conditions, is consistent with the guidance in
Section 8.6 of ANSI/ANS-8.19-2014 (Reference 10). Subsection 6b.3.1.7 of the FSAR has been
revised to clarify that the annual operational review includes walkthroughs of facility processes
and procedures. A mark-up of the FSAR incorporating these changes is provided as
Attachment 1.

RAI 6b.3-20

10 CFR 50.59 states, in part, that licensees may make changes in the facility as described in
the FSAR, make changes in the procedures as described in the FSAR, and conduct tests or
experiments not described in the FSAR without obtaining a license amendment if certain criteria
are met. 10 CFR 50.59(a)(1) defines “change” as a modification or addition to, or removal from,
the facility or procedures that affects a design function, method of performing or controlling the
function, or an evaluation that demonstrates that intended function will be accomplished.
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FSAR, Section 6b.3.1.5, states that process or design changes that could affect NCS limits or
controls are evaluated using the facility change process requirements of 10 CFR 50.59. Such
changes include new design, operation, or modification to existing SSCs; computer programs;
processes; operating procedures; or administrative controls. This appears to be inconsistent
with the definition of “change” in 10 CFR 50.59, and thus does not provide a satisfactory
commitment to evaluate all appropriate changes against 10 CFR 50.59 criteria. Specifically,
changes to methodologies, such as a change to computational code validation methodology
that could impact code bias, bias uncertainty, or the approved margin of subcriticality, would not
be subject to SHINE’s commitment to evaluate the change against 10 CFR 50.59 criteria,
despite 10 CFR 50.59(c) requiring an evaluation of such a change.

Clarify how SHINE intends to meet the requirements of 10 CFR 50.59, including a discussion of
which changes SHINE will evaluate and the method in which such changes will be evaluated.

SHINE Response

The referenced statement in Subsection 6b.3.1.5 of the FSAR was not intended to be an all-
inclusive listing of changes to be evaluated under the SHINE configuration management
program, described in Section 5.5.4 of the technical specifications. SHINE will evaluate changes
in accordance with 10 CFR 50.59, including the 10 CFR 50.59(a)(1) definition of “change,”
without modification or exception. Subsection 6b.3.1.5 of the FSAR has been revised to remove
the referenced statement. A mark-up of the FSAR incorporating these changes is provided as
Attachment 1.
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Chapter 13 — Accident Analysis
RAI 131

When licensing non-power production or utilization facilities, there have been questions as to
what standards and criteria should be used in evaluating design basis accidents to evaluate the
design basis of systems, structures and components that mitigate radiological releases to the
environment (exposure to any individual in the unrestricted area). Presently, no radiological
accident dose criterion is set forth in regulation and subsequent guidance to assess the risk to
public health and safety resulting from the operation of non-power production or utilization
facilities. Instead, the standards of 10 CFR Part 20, “Standards for Protection Against
Radiation,” have been applied for evaluating the effects of a postulated accident, for instance:

o Before January 1, 1994, the accident dose criteria used to license a research reactor were
generally compared to the public dose limits of 10 CFR 20.1 through 20.602 and
Appendices. Therefore, the accident criteria the staff generally found acceptable for accident
analyses were less than the public dose limits of 0.5 rem whole body and 3 rem thyroid for
members of the public.

e On January 1,1994, the NRC amended 10 CFR Part 20 to reduce the dose limit to a
member of the public to 0.1 rem total effective dose equivalent (TEDE) with an
implementation date of January 1, 1994. In lieu of an accident dose criterion, under
10 CFR 20.1301(d), a licensee or license application may apply for prior NRC authorization
to operate up to an annual dose limit for an individual member of the public of 0.5 rem. The
0.5 rem refers to the TEDE, defined in 10 CFR 20.1003, as the sum of the effective dose
equivalent and the committed effective dose equivalent.

However, as discussed in NUREG-1537, there are several instances the staff has accepted
very conservative accident analyses that exceed the 10 CFR Part 20 public dose limits
discussed above.

In the FRN, the NRC proposed to amend its regulations that govern the license renewal process
for non-power reactors, testing facilities, and other production or utilization facilities, licensed
under the authority of Section 103, Section 104a, or Section 104c of the AEA, as amended, that
are not nuclear power reactors." In this rule, the NRC collectively refers to these facilities as
non-power production or utilization facilities (NPUFs). The NRC has determined that the public
dose limit of 0.1 rem (0.001 Sv) TEDE is unduly restrictive to be applied as accident dose
criteria for NPUFs, other than those NPUFs subject to 10 CFR part 100.2 However, the NRC
considers the accident dose criteria in 10 CFR part 100 applicable to accident consequences for
power reactors, which have greater potential consequences resulting from an accident, to be
too high for NPUFs other than testing facilities. For these reasons, the NRC proposed to amend
its regulations in 10 CFR 50.34 to add an accident dose criterion of 1 rem TEDE for NPUFs not
subject to 10 CFR part 100.

This is consistent with the guidance found in NUREG-1537, Part 2, which provides discussion
on a postulated accident scenario whose potential consequences are shown to exceed and
bound all credible accidents. For nonpower facilities, this accident is called the maximum

" See 82 FR 15643, March 30, 2017.

2 The NRC Atomic Safety and Licensing Appeal Board stated that the standards in 10 CFR part 20 are unduly restrictive as accident
dose criteria for research reactors (Trustees of Columbia University in the City of New York, ALAB-50, 4 AEC 849, 854—-855 (May
18, 1972)).
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hypothetical accident. Since the consequences of the postulated maximum hypothetical
accident should exceed those of any credible accident at the facility, the accident is not likely to
occur during the life of the facility. The maximum hypothetical accident is used to demonstrate
that the maximum consequences of operating the facility at a specific site are within acceptable
limits.

The accident dose criterion of 1 rem TEDE in the proposed NPUF rule is based on the
Environmental Protection Agency's (EPA) Protection Action Guides (PAGs), which were
published in the EPA document, 400-R-92-001, “Manual of Protective Action Guides and
Protective Actions for Nuclear Incidents.” In January 2017, the EPA published an update to its
PAGs in EPA-400/R-17/001, “PAG Manual: Protective Action Guides and Planning Guidance for
Radiological Incidents.” This update to the EPA PAGs did not change the basis for the 1 rem
TEDE early phase PAG published in 1992. The purpose of the EPA PAGs is to support
decisions on protective actions to provide reasonable assurance of adequate protection of the
public from unnecessary exposure to radiation.

The EPA PAGs are dose guidelines to support decisions that trigger protective actions such as
staying indoors or evacuating to protect the public during a radiological incident. The PAG is
defined as the projected dose to an individual from a release of radioactive material at which a
specific protective action to reduce or avoid that dose is recommended. Three principles
considered in the development of the EPA PAGs include: (1) prevent acute effects; (2) balance
protection with other important factors and ensure that actions result in more benefit than harm;
and, (3) reduce risk of chronic effects. In the early phase of the nuclear incident, which may last
hours to days, the EPA PAG recommends the protective actions of sheltering-in-place or
evacuation of the public to avoid inhalation of gases or particulates in an atmospheric plume
and to minimize external radiation exposures between 1 rem to 5 rem. So, if the projected dose
to an individual from an incident is less than 1 rem, no protective action for the public is
recommended.

In its operating license application, SHINE selected accident dose criteria (in lieu of a criterion
stated in the regulation) for members of the public as follows:

¢ Radiological consequences to an individual located in the unrestricted area following the
onset of a postulated accidental release of licensed material would not exceed 500 mrem
TEDE for the duration of the accident; and,

Radiological consequences to workers do not exceed 5 rem TEDE during the accident. [SHINE
justifies applying this criterion to a worker within the facility as opposed to the “control room”
since immediate operator action inside the facility is not required to stabilize accident conditions.
The SHINE irradiation units do not share systems and components. Therefore, the design basis
accidents assume no interconnective failures. As generally assumed in the sequence of events,
SHINE states facility personnel evacuate the immediate area [the facility confinement] within 10
minutes upon actuation of the radiation area monitors.]

The SHINE FSAR Chapter 13, “Accident Analysis,” provides the design basis accident analyses
which are evaluated against the dose criterion.® The intent of these analyses is to evaluate the
design and performance of structures, systems, and components of the facility with the objective
of assessing the risk to public health and safety resulting from operation of the facility and
including determination of the margins of safety during normal operations and transient

3 ADAMS Accession No. ML19211C323
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conditions anticipated during the life of the facility, and the adequacy of structures, systems, and
components provided for the prevention of accidents and the mitigation of the consequences of
accidents.

The SHINE FSAR Chapter 14, “Technical Specifications,” provides limiting conditions for
operation of the production facility.* The safety margins contained within the design basis
accidents are products of specific values and limits contained in the facilities technical
specifications and other values, such as assumed accident or transient initial conditions or
assumed safety system response times.

For a Part 50 license, the following is considered:

e Accident dose criteria, when compared against the maximum hypothetical accident, is a
helpful aid in evaluating a proposed site with the objective of assessing the risk to public
health and safety resulting from operation of the facility.

As discussed in the ISG Augmenting NUREG-1537, the maximum hypothetical accident is used
to demonstrate that the maximum consequences of operating the nuclear facility at a specific
site is within the acceptable accident dose limits. The maximum hypothetical accident is an
accident with radiological consequences that bound all other credible accidents likely to occur
over the life of the nuclear facility. Therefore, the assumed fission product release from the
maximum hypothetical accident should be based upon a major accident, hypothesized for
purposes of siting analysis or postulated from considerations of possible accidental events, that
would result in potential hazards not exceeded by those from any accident considered credible.

e There is no 10 CFR Part 50 regulatory requirement for a worker accident dose criteria, other
than the requirements in 10 CFR Part 20, “Standards for Protection Against Radiation.%”
However, the SHINE Design Criterion 6 — Control Room, states:

A control room is provided from which actions can be taken to operate the irradiation
units safely under normal conditions and to perform required operator actions under
postulated accident conditions.

This criterion is similar to 10 CFR 50, Appendix A, General Design Criterion-19, Control Room,
which is not applicable to NPUFs such as the SHINE facility. It is required for light water reactor
nuclear power plant control room design where the operator’s necessity to appropriately
respond during an accident is properly viewed as having a potential impact on the public health
and safety. The purpose is to provide a control room from which actions can be taken to operate
the facility safely under normal conditions and to maintain the facility in a safe condition under
accident conditions.®

At the SHINE facility, in the event of a design basis accident or transient, the other irradiation
units will presumably be operating, and control room operators would need to take actions to

4 ADAMS Accession No. ML19211C339

5 Note: 10 CFR Part 70 does contain a regulatory requirement for accident dose to workers because of lessons learned from fatal
and near miss accidents at fuel cycle facilities involving chemicals commingled with special nuclear material.

8 It is generally understood that an objective of the criteria is to ensure that the design of the control room and its habitability systems
is such that a “shirt-sleeved” environment is provided for the control room operators. Such an environment is perceived to be
supportive of facilitating operator response to normal and accident conditions and would minimize errors of omission or commission.
Another objective is to ensure that the radiation dose levels in the control room would make it the “safest” location on site, thereby
allowing the operators to remain in the control room and not evacuate. Any reduction in the ability of the operators to respond
appropriately during an accident is properly viewed as having a potential impact on the public health and safety.
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continue to operate the facility safely and to maintain the facility in a safe condition. It therefore
seems appropriate to assess the radiological consequences of the control room operator, given
General Design Criteria 6, as their required operations are necessary to continue operation of

the other irradiation units and maintain the facility in a safe condition under accident conditions.

It is noted that the NRC staff views the accident dose design criterion as a “figure of merit” and
does not represent actual doses received due to a design-basis event or transient. The
shielding design of the facility ensures the applicable limits in 10 Part CFR 20 are met and thus
protecting the worker which is discussed in Chapter 11, “Radiation Protection Program and
Waste Management,” of the SHINE FSAR. Lastly, as low as reasonably achievable (ALARA)
program practices such as work planning and source term minimization, coupled with existing
radiation exposure procedural controls ensure worker doses are not adversely impact the
licensee’s ability to maintain doses resulting from plant operation within the applicable limits.

Therefore, the NRC staff requests that SHINE discuss the following, with the support of any
relevant reference calculations or documents, related to information provided in its operating
license application:

a. Confirm the NRC staff’'s understanding of the SHINE-proposed accident dose criteria of 500
mrem TEDE to members of the public to serve the purpose as the site evaluation factor, as
discussed in the Federal Register (FR), Volume 82, Number 60, dated March 30, 2017.
Given the NRC-proposed draft rule, discuss a technical justification for the SHINE-proposed
accident dose criterion, as necessary for the licensing of the SHINE Medical Isotope
Production Facility; this should include a comparison to the basis for the NRC-proposed
accident dose criterion of 1 rem TEDE in the draft NPUF rule (see: 82 FR 15643).

OR

Discuss whether SHINE would adopt, with justification, the accident dose criterion proposed
in the NRC rule described in Federal Register Notice (FRN) 82 FR 15643, which provides
reasonable assurance of adequate protection of the public in the unlikely event of
radiological incident.

b. In light of the discussion provided above, provide a technical justification for why the worker
dose criterion is assumed to be analyzed for facility personnel and not the operator(s) for the
SHINE facility. Please provide accident analysis results for control room operators to be
consistent with the SHINE Design Criteria, Criterion 6 — Control Room.

c. Clarify what 10 CFR Part 50 regulatory requirement SHINE is demonstrating to meet with
the proposed worker accident dose criteria, and the basis for the dose value of 5 rem TEDE.
Also clarify the purpose of the proposed worker accident dose criteria as there appears to
be no necessary actions by the worker to maintain the facility in a safe condition under
accident conditions. If there are necessary actions to control or mitigate the accident,
provide these procedures and programmatic controls which can be implemented in the
Technical Specifications (Administrative Controls or otherwise).

OR

If there are no necessary actions by the worker outside the control room to maintain the
facility in a safe condition under accident conditions, then discuss whether it would be

Page 23 of 42



appropriate to remove from the SHINE FSAR, with justification, the proposed worker dose
accident dose criteria.

SHINE Response

a. SHINE has chosen to adopt the accident dose criterion of 1 rem total effective dose
equivalent (TEDE) in the proposed rule described in 82 FR 15643 (Reference 12). As stated
in the proposed rule, the NRC is proposing to amend its regulations in 10 CFR 50.34 to add
an accident dose criterion of 1 rem (0.01 Sv) TEDE for non-power production or utilization
facilities (NPUFs) not subject to 10 CFR Part 100.

As stated in the proposed rule, the accident dose criterion of 1 rem (0.01 Sv) TEDE is based
on the Environmental Protection Agency’s (EPA) Protection Action Guides (PAGs), which
were published in EPA 400-R-92-001, Manual of Protective Action Guides and Protective
Actions for Nuclear Incidents (Reference 13). The EPA PAGs are dose guidelines to support
decisions that trigger protective actions such as staying indoors or evacuating to protect the
public during a radiological incident. In the early phase (i.e., the beginning of the nuclear
incident, which may last hours to days), the EPA PAG that recommends the protective
action of sheltering-in-place or evacuation of the public to avoid inhalation of gases or
particulates in an atmospheric plume and to minimize external radiation exposures, is 1 rem
(0.01 Sv) to 5 rem (0.05 Sv). If the projected dose to an individual from an incident is less
than 1 rem (0.01 Sv), then no protective action for the public is recommended. In light of this
understanding of the early phase EPA PAG, the NRC’s proposed accident dose criterion of
1 rem (0.01 Sv) TEDE for NPUFs, other than testing facilities would provide reasonable
assurance of adequate protection of the public from unnecessary exposure to radiation.

SHINE has revised Sections 3.1, 13a2.2, 13a3, and 13b.2 of the FSAR to incorporate the
accident dose criterion of 1 rem TEDE. A mark-up of the FSAR incorporating these changes
is provided as Attachment 1.

b. SHINE did not distinguish between the general facility staff and the control room operators
in the worker dose calculations. To demonstrate that the SHINE Design Criterion 6 is met, a
consequence analysis for the control room operator under accident conditions was
performed.

Previous worker dose calculations only considered evacuation of workers from the
radiologically controlled area (RCA) within a ten-minute evacuation period and did not
consider continued occupation of the control room. SHINE has performed a radiological and
chemical consequence analysis for the control room operator. The presence of operators in
the control room is to only monitor facility conditions since the operators are not required to
perform actions in the RCA.

SHINE has revised Sections 6a2.1, 6b.1, 13a2.2, 13a3, and 13b.2 of the FSAR to replace
the RCA worker with the control room operator as the worker receptor for the radiological
consequence analysis and to provide the results of the revised radiological consequence
analysis to the control room operator. SHINE has revised Section 13b.3 of the FSAR to add
the control room operator, in addition to the RCA worker, as the worker receptors for the
chemical consequence analysis and provide the results of the revised chemical
consequence analysis to the control room operator and RCA worker. A mark-up of the
FSAR incorporating these changes is provided as Attachment 1.
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C.

10 CFR Part 50 does not contain an explicit requirement that an accident dose criterion be
established for workers and demonstrated to be met.

There are no necessary actions by the worker outside the control room to maintain the
facility in a safe condition under accident conditions. Upon actuation of a radiation area
monitor alarm, facility personnel evacuate the RCA. As 10 CFR Part 50 does not contain an
explicit requirement to evaluate accident dose to workers outside the control room, and
there are no necessary actions by the worker outside the control room to maintain the facility
in a safe condition under accident conditions, SHINE has removed the evaluation of
potential radiological dose consequences to workers outside the control room from the
FSAR.

As described in the SHINE Response to RAI 13-1.b, SHINE has replaced the evaluation of
potential radiological dose consequences to workers outside the control room in the FSAR
with an evaluation of potential radiological dose consequences to control room operators,
demonstrating that the potential radiological dose received by control room operators does
not exceed the 5 rem TEDE accident dose limit.

RAI 13-2

The regulations that are most relevant to radiation protection are contained in 10 CFR Part 20
and 10 CFR Part 50. Additional requirements, specific to particular uses or classes of facilities,
are found in other portions of the regulations. Both 10 CFR Part 50 and 10 CFR Part 20 refer to
various dose-based criteria and limits based on dosimetry methodologies defined by the
International Commission on Radiological Protection (ICRP) in Publication 26,
“Recommendations of the ICRP,” and Publication 30, “Limits for Intakes of Radionuclides by
Workers.” The ICRP 30 dosimetry methodologies are applied in:

e 10 CFR Part 50 — through the TEDE criteria (defined in 10 CFR 50.2) for the design,
construction, and operation of the facility under normal and accident conditions.

e 10 CFR Part 20 — through the TEDE limits (defined in 10 CFR 20.1003) to establish
standards and practices for radiation protection purposes for occupational and public
health during normal operation. 10 CFR Part 20, Appendix B, “Annual Limits on Intake
(ALIs) and Derived Air Concentrations (DACs) of Radionuclides for Occupational
Exposure; Effluent Concentrations; Concentrations for Release to Sewerage,” to
provides direction in how to determine external and internal exposures. The appendix
provides an appropriate method to derive the Annual Limits on Intake and Derived Air
Concentrations based on ICRP 30 tissue weighting factors.

The tissue weighing factors are directly codified by 10 CFR 20.1003, Definitions,
within the table labeled, Organ Dose Weighting Factors, as follows:

Organ or Tissue Wr

Gonads 0.25
Breast 0.15
Red Bone marrow | 0.12
Lung 0.12
Thyroid 0.03
Bong surfaces 0.03
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Remainder 0.30
Whole Body 1.00

For both 10 CFR Parts 50 and 20, the TEDE is defined as the sum of the effective dose
equivalent (for external exposures) and the committed effective dose equivalent (for internal
exposures). Acceptable practices for computing design-basis accident radiological
consequences in terms of TEDE are to apply the exposure-to-committed effective dose
equivalent factors for inhalation of radioactive material found in Table 2.1 of Federal Guidance
Report No. 11, “Limiting Values of Radionuclide Intake and Air Concentration and Dose
Conversion Factors for Inhalation, Submersion, and Ingestion.” The factors in the column
headed “effective” yield doses corresponding to the committed effective dose equivalent. These
tables are derived from the data provided in ICRP Publication 30 and have been found
acceptable to the NRC staff as they meet the applicable regulatory requirements. Likewise, the
exposure-to-effective dose equivalent factors for external exposure of radioactive material apply
Federal Guidance Report No. 12, “External Exposure to Radionuclides.”

Therefore, by default, compliance with the dose-related regulations of Parts 50 and 20 are
demonstrated when applying the exposure-to-dose conversion factors of Federal Guidance
Reports 11 and 12.

The SHINE FSAR Chapter 13 design basis accident analyses are evaluated against the
applicant-selected accident dose criteria. The design basis accidents range from anticipated
events, such as a loss of electrical power, to a postulated maximum hypothetical accident that
exceeds the radiological consequences of any accident considered to be credible. To compute
radiological consequences, the SHINE FSAR states that the dose conversion factors were
taken from ICRP Publication 119, “Compendium of Dose Coefficients based on ICRP
Publication 60,” and Federal Guidance Report No. 12. It appears SHINE has applied a
dosimetry methodology inconsistent with applicable dose-related regulations under 10 CFR Part
50. Therefore, by applying dose conversion factors based on ICRP Publication 60 dosimetry
methodologies for a Part 50 license application, the applicant does not comply with the
applicable regulations. To be compliant with the dose-related regulations of Parts 50, the
exposure-to-committed effective dose equivalent factors for inhalation of radioactive material
should apply those found in Table 2.1 of Federal Guidance Report No. 11 and 12.

Therefore, the NRC staff requests that SHINE discuss the following, with the support of any
relevant reference calculations or documents, related to information provided in its operating
license application:

Discuss how SHINE’s selected dosimetry methodology satisfies applicable regulatory
requirements and whether it will be necessary to re-compute the radiological consequences of
all design-basis accidents in terms of TEDE to be in compliance with the NRC’s regulations.

SHINE Response

To demonstrate compliance with the dose-related regulations in 10 CFR Part 20 and

10 CFR Part 50, SHINE has revised the radiological consequence analysis, applying the dose
conversion factors of Federal Guidance Report (FGR) No. 11, Limiting Values of Radionuclides
Intake and Air Concentration and Dose Conversion Factors for Inhalation, Submersion, and
Ingestion (Reference 14) and FGR No. 12, External Exposure to Radionuclides in Air, Water,
and Soil (Reference 15).

Page 26 of 42



SHINE has revised Section 13a2.2 of the FSAR to describe the application of dose conversion
factors from FGR No. 11 and FGR No. 12 in the revised radiological consequence analysis.
SHINE has revised Sections 13a3 and 13b.2 of the FSAR to provide the results of the revised
radiological consequence analysis. A mark-up of the FSAR incorporating these changes is
provided as Attachment 1.

RAI 13-3

10 CFR Part 50.34requires that each applicant for a construction permit or operating license
provide an analysis and evaluation of the design and performance of structures, systems, and
components of the facility with the objective of assessing the risk to public health and safety
resulting from operation of the facility.

Regulatory Guide 1.145, Rev 1, “Atmospheric Dispersion Models for Potential Accident
Consequence Assessments at Nuclear Power Plants,” presents criteria for characterizing
atmospheric dispersion conditions for evaluating the consequences of design basis accidents
radiological releases at the site boundary as they relate to the applicable siting requirements
where short-term atmospheric dispersion factors (x/Q values) are computed at the
95"-percentile value (i.e., x/Q value that is equal to or exceeded no more than 5 percent of the
total time). Both NUREG-1537 and the ISG Augmenting NUREG-1537 refer to RG 1.145 with
respect to accident analyses.

Regulatory Guide 2.2, “Development of Technical Specifications for Experiments in Research
Reactors,” as it pertains to the development of technical specifications based on the SHINE
FSAR for the purposes of crediting natural consequence-limiting features such as solubility,
absorption, and dilution and for installed features such as filters may be taken provided each
such feature is specifically identified and conservatively justified by specific test or physical data
or well-established physical mechanisms. In addition, with respect to installed features credit
taken for their effectiveness should depend on the adequacy of the related quality assurance
procedures undertaken, including the extent to which surveillance tests simulate the conditions
to be met in practice. If assumptions regarding atmospheric dilution are involved, they should
not be less conservative than those used in the analysis of design basis accidents.

It is noted here for further discussion that RG 1.111, “Methods for Estimating Atmospheric
Transport and Dispersion of Gaseous Effluents in Routine Releases from Light-Water-Cooled
Reactors,” provides regulatory positions on long-term atmospheric dispersion estimated for
routine releases of effluent. For these assessments, it is typical regulatory practice to accept
50™-percentile x/Q value.

The SHINE FSAR Chapter 13 design basis accident analyses are evaluated against the
applicant-selected accident dose criterion. As presented by SHINE, the design basis accidents
range from anticipated events, such as a loss of electrical power, to a postulated maximum
hypothetical accident that exceeds the radiological consequences of any accident considered to
be credible. SHINE identified these design basis accidents using the following sources of
information:

e NUREG-1537 and the ISG Augmenting NUREG-1537;

e Process hazard analysis method within the integrated safety analysis process; and,

e Experience of the hazard analysis team.
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SHINE selected accident dose criteria for members of the public as follows:

¢ Radiological consequences to an individual located in the unrestricted area following the
onset of a postulated accidental release of licensed material would not exceed 500 mrem
total effective dose equivalent (TEDE) for the duration of the accident; and,

¢ Radiological consequences to workers do not exceed 5 rem TEDE during the accident.

The intent of these analyses is to evaluate the design and performance of structures, systems,
and components of the facility with the objective of assessing the risk to public health and safety
resulting from operation of the facility and including determination of the margins of safety
during normal operations and transient conditions anticipated during the life of the facility.

SHINE computed long-term 50th percentile (average) x/Q values at the nearest point along the
site boundary and at the nearest resident location. This is consistent with the staff guidance
found in NUREG-1537, Chapter 11, Radiation Protection, for the purposes of demonstrating
compliance with the limits of 10 CFR Part 20 to assess routine releases. These 50th percentile
x/Q values were also applied to the Chapter 13 design basis accident analyses which h is
nonconservative to demonstrate compliance with 10 CFR 50.34 when evaluating the
radiological consequences of postulated design basis accidents (i.e., short-term events) for
facility siting and operation.

It is acknowledged there can be a misinterpretation of certain statements found in
NUREG-1537, Part 2, Chapter 13, since no explicit percentile x/Q value is made for accident
analysis purposes. However, Chapter 13, Accident Analysis, Subsection, Radiological
Consequences, does refer to RG 1.145 as an acceptable method for demonstrating compliance
with the applicable siting criteria. Regulatory Guide 1.145, Section 3, “Determinations of 5%
[95'" percentile] Overall Site x/Q Values,” states in part, “The x/Q values that are exceeded no
more than 5% of the total time around the exclusion area boundary... ... should be
determined...”

In other words, the purpose of evaluating the radiological consequences at the 95th-percentile
value reasonably assures radiological consequences at the site boundary are not exceed more
than 5 percent of the time. Therefore, by applying the long-term 50th-percentile x/Q values
imply the computed radiological consequences at the site boundary are met only 50 percent of
the time. Staff experience with both long-term 50"- and short-term 95" percentile x/Q values
has shown non-linearity between the computed radiological consequence results which can
range between three-orders-of-magnitude in difference depending on the site location.

Computing radiological consequences of design basis accidents at the 95™"-percentile x/Q value
provides reasonable assurance that facilities’ licensing bases will not be exceeded by more than
5.0 percent within any given year of operation.

SHINE calculation number 2012-03852 Rev 0, “Short-Term Diffusion Estimates for SHINE,”
provides the details of the analysis to calculate atmospheric dispersion factors to be used to
assess the consequences of an accidental release of radioactive material. Both the overall
bounding long-term and short-term 50" and 95"-percentile x/Q values are reported to be
3.88E-4 s/m®and 5.66E-3 s/m? respectively. This difference in x/Q values would impact the
reported SHINE FSAR radiological consequences by about a factor of 15.
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Therefore, the NRC staff requests that SHINE discuss the following, with the support of any
relevant reference calculations or documents, related to information provided in its operating
license application:

a. Provide a postulated set of short-term atmospheric x/Q values (95™-percentile) at the site
boundary based on site-specific meteorological data to be presented in the SHINE FSAR.

b. Recompute the radiological consequences of each design basis accident with the short-term
atmospheric x/Q values.

SHINE Response

a. Table 13-1-1 provides the 95" percentile site boundary atmospheric dispersion (x/Q) values
for the SHINE site. SHINE has revised the radiological consequence analysis to incorporate
the use of these 95™ percentile x/Q values. SHINE has revised Section 13a2.2 of the FSAR
to describe the use of 95" percentile site boundary x/Q values in the radiological
consequence analysis. A mark-up of the FSAR incorporating these changes is provided as
Attachment 1.

Table 13-1-1: 95" Percentile Site Boundary x/Q Values

Time Bin
(Hours) 0-2 2-8 8-24 24 — 96 96 - 720

Site
Boundary

x/Q Value
(s/m3)

5.66E-03 3.45E-03 2.70E-03 1.58E-03 7.31E-04

b. SHINE has revised the radiological consequence analysis to incorporate the use of
95" percentile x/Q values. SHINE has revised Tables 13a3-1 and 13b.2-2 of the FSAR to
provide the radiological dose consequences of design basis accidents using the 95™
percentile x/Q values. A mark-up of the FSAR incorporating these changes is provided as
Attachment 1.

RAI 13-4

10 CFR Part 50.34 requires that each applicant for a construction permit or operating license
provide an analysis and evaluation of the design and performance of structures, systems, and
components of the facility with the objective of assessing the risk to public health and safety
resulting from operation of the facility. It is the staff's understanding that the proposed
radiological accident dose criterion serves the purpose of evaluating the suitability of the site
from operation of the facility for the purposes of computing radiological consequences.

10 CFR, Section 50.36 requires an applicant for an operating license to include in the
application proposed technical specifications as it relates to the evaluations and analysis of the
offsite radiological consequences of postulated accidents with fission products.

10 CFR 50.36(c)(3), requires TSs to include items in the category of surveillance requirements,
which are requirements relating to test, calibration, or inspection to assure that the necessary
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quality of systems and components is maintained, that facility operation will be within safety
limits, and that the limiting conditions of operation will be met.

Regulatory Guide 1.145, Rev 1, “Atmospheric Dispersion Models for Potential Accident
Consequence Assessments at Nuclear Power Plants,” presents criteria for characterizing
atmospheric dispersion conditions for evaluating the consequences of design basis accidents
radiological releases at the site boundary as they relate to the applicable siting requirements
where short-term atmospheric dispersion factors (x/Q values) are computed at the
95"-percentile value (i.e., x/Q value that is equal to or exceeded no more than 5 percent of the
total time). Both NUREG-1537 and the ISG Augmenting NUREG-1537 refer to RG 1.145 with
respect to accident analyses.

Regulatory Guide 2.2, as it pertains to the development of technical specifications based on the
SHINE FSAR for the purposes of crediting natural consequence-limiting features such as
solubility, absorption, and dilution and for installed features such as filters may be taken
provided each such feature is specifically identified and conservatively justified by specific test
or physical data or well-established physical mechanisms. In addition, with respect to installed
features credit taken for their effectiveness should depend on the adequacy of the related
quality assurance procedures undertaken, including the extent to which surveillance tests
simulate the conditions to be met in practice. If assumptions regarding atmospheric dilution are
involved, they should not be less conservative than those used in the analysis of design basis
accidents.

Design basis accidents are postulated accidents that a nuclear facility must be designed and
built to withstand without loss to the systems, structures, and components necessary to ensure
public health and safety. The design basis accidents are not intended to be actual event
sequences, but rather, intended to be surrogates to enable deterministic evaluation of the
response of a facility’s engineered safety features. These accident analyses are intentionally
conservative in order to compensate for known uncertainties in accident progression, fission
product transport, and atmospheric dispersion. They can be thought of as loosely defined
‘classes’ of accidents that bound a number of facility processes, activities, and/or accident
sequences identified through a risk-assessment. The quantification of the accidental release of
fission products into the atmosphere, or accident radiological “source term,” is intended to be
representative of a major accident involving significant damage which affects the design of plant
systems and is one element used to determine site suitability. The safety margins contained
within the design basis accidents are products of specific values and limits contained in the
facilities technical specifications, as required by 10 CFR 50.36 and other values, such as
assumed accident or transient initial conditions or assumed safety system response times.

Beyond design basis accident is a term used as a technical way to discuss accident sequences
that are possible but were not fully considered in the design process because they were judged
to be too unlikely. In that sense, they are considered beyond the scope of design-basis
accidents that a nuclear facility must be designed and built to withstand. However, as the
regulatory process strives to be as thorough as possible, “beyond design-basis accident”
sequences are analyzed to fully understand the capability of a design. Beyond design basis
accidents are considered more unlikely than design basis accidents, non-safety-related
systems, structures, and components can be credited for accident mitigation. For example, the
10 CFR 50.62, “Requirements for Reduction of Risk from Anticipated Transients without Scram
(ATWS) events for light-water-cooled nuclear power plants,” allows the use of non-safety-
related equipment for accident mitigation. These analyses often include multiple failures beyond
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those considered for design basis accident analyses, and thus more realistic assumptions are
allowed in the analyses.

The staff reviews the radiological consequences of design basis accidents in six parts: (1)
review of selected bounding design basis accidents; (2) review of accident source terms; (3)
review of the major structures, systems, and components of the facility that are intended to
mitigate the radiological consequences of a design basis accident; (4) review of the
characteristics of fission product releases from the proposed site to the environment, (5) review
of the meteorological characteristics of the proposed site; and, (6) review of the total calculated
radiological consequence dose at the site boundary from the bounding design basis accidents.

The NRC staff generally does not accept design basis accident analyses that credit facility
features that:

are not safety-related;
e are not covered by technical specifications;
¢ do not meet single-failure criteria, or;

e rely on the availability of offsite power. Design basis delays in actuation of these features
should be considered, especially for those features that rely on manual operator
intervention.

Analysis inputs should be the most restrictive values of plant parameters selected from the
range of design values possible during the specific event so that the postulated consequences
of the event are maximized. It is generally inappropriate to use values characterized as “best
estimates.” Other considerations should include:

¢ The range of values applicable during an accident may vary from accident to accident and
will likely differ from the range that applies during normal operations.

e The use of different parameter values in different portions of the analyses or to perform a
sensitivity analysis to determine the limiting value.

o Facility parameters associated with a technical specification limiting condition for operation.
If the limiting condition for operation specifies a range, or a value with a tolerance band, the
most restrictive value should be used.

e Consider situations where and how some parameters may change value during the
accident. In these cases, the calculation should either assume the most restrictive value for
the entire duration or the calculation should be performed in time steps, with the appropriate
parameter values used for each time step.

e Parameters based on the results of less frequent surveillance testing, for example, efficiency
testing of charcoal filters, the degradation that may occur between periodic tests should be
considered in establishing the analysis value.

o Analysis parameters which affected by density changes that occur in the process stream.
With regards to specified volumetric flow rates as limiting conditions of operations, the
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density used should be consistent with the density that is assumed in the surveillance
procedure that demonstrates compliance with the limiting conditions of operations.

Lastly, a point of discussion regarding the application of the Single Failure Criterion is made
when developing design basis accidents. The Single Failure Criterion, as a design and analysis
tool, has the direct objective of promoting reliability through the enforced provision of
redundancy in those systems which must perform a safety-related function.” As discussed in
NUREG-1537, for the purposes of facility design and accident analysis, and the applicable
SHINE Design Criteria, a single failure means an occurrence which results in the loss of
capability of a component or protection system to perform its intended safety functions. Multiple
failures resulting from a single occurrence are considered to be a single failure. Fluid and
electric systems are considered to be designed against an assumed single failure if neither (1) a
single failure of any active component (assuming passive components function properly) nor
(2) a single failure of a passive component (assuming active components function properly),
results in a loss of capability of the system to perform its safety functions.

In principle, the Single Failure Criterion as applied in design basis accident analyses is
straightforward. Simply stated, it is a requirement that a system which is designed to carry out a
defined safety function must be capable of carrying out its mission in spite of the failure of any
single active component within the system or in an associated system which supports its
operation. Application of the Single Failure Criterion involves a systematic search for potential
single failure points and their effects on the system. Such a search is required by the Standard
Review Plan and the Standard Format for the Content of Safety Analysis Reports for specified
safety systems and components. The objective is to search for design weaknesses which could
be overcome by increased redundancy, use of alternate systems or use of alternate procedures.
In general, only those systems or components which are judged to have a credible chance of
failure are assumed to fail when the Single Failure Criterion is applied. Such failures would
include, for example, the failure of a valve to open or close on demand, the failure of an
emergency diesel generator to start or the failure of an instrument channel to function.

The SHINE FSAR Chapter 13 design basis accident analyses are evaluated against the
applicant-selected accident dose criterion. As presented by SHINE, the design basis accidents
range from anticipated events, such as a loss of electrical power, to a postulated maximum
hypothetical accident that exceeds the radiological consequences of any accident considered to
be credible. SHINE identified these using the following sources of information:

e NUREG-1537 and the ISG Augmenting NUREG-1537;

e Process hazard analysis method within the integrated safety analysis process; and,

e Experience of the hazard analysis team.

The NRC staff has reviewed a sampling for both the irradiation facility and radioisotope
production facility design basis accidents with a focus on the two maximum hypothetical
accidents. It appears these maximum hypothetical accidents fit the description of beyond design

basis accidents where multiple failures are assumed which is beyond typical consideration for
licensing purposes.

” ADAMS Accession No. ML060260236

Page 32 of 42



Therefore, the NRC staff requests that SHINE discuss the following, with the support of any
relevant reference calculations or documents, related to information provided in its operating
license application:

a. Re-assess the maximum hypothetical accidents considering the discussions above. It may
be necessary to redefine the design basis accident source terms and sequence of events to
meet the applicable public accident dose criteria.

b. As discussed above, the DBAs are not intended to represent actual event sequences, but
surrogates to enable deterministic evaluations of the response of the facilities engineered
safety features. Based on SHINE’s use of a risk-assessment to define creditable accident
sequences and the substantial operating experience of similar facilities, provide a discussion
of the following:

¢ How SHINE classified and binned the accident sequences from the SHINE safety
analysis into each DBA,;

¢ Which technical specifications and limiting conditions of operations were developed from
insights gained from the accident sequences identified from the SHINE safety analysis;
and

e How the accident sequences, which require workers to take preventive or mitigative
actions in order to put the facility in a safe configuration, are reflected in the impacted
DBA, including how these actions are controlled through procedures and programmatic
controls that may be implemented in the Technical Specifications (Administrative
Controls or otherwise).

SHINE Response

a. The maximum hypothetical accidents (MHASs) currently described in the FSAR fit the
definition of a beyond design basis accident, as defined in this request for additional
information. In lieu of identifying a beyond design basis accident scenario as the MHA for
the SHINE facility, SHINE has chosen to identify a credible fission product-based design
basis accident (DBA) which bounds the radiological consequences to the public of all
credible fission product-based accident scenarios as the MHA for the SHINE facility.

SHINE has revised Sections 13a2.1, 13a2.2, 13a3, 13b.1, and 13b.2 of the FSAR to re-
define the MHA, as described above. A mark-up of the FSAR incorporating these changes is
provided as Attachment 1.

b. The types of accident sequences in the SHINE safety analysis (SSA) are derived from the
guidance in Part 1 of the Interim Staff Guidance (ISG) augmenting NUREG-1537
(Reference 16). Additional accident sequences that are specific to the facility are derived
from the process hazard analysis (PHA). This includes accident sequences specific to the
irradiation facility (IF), the radioisotope production facility (RPF), and external events that are
applicable to the entire facility. The SHINE Response to RAI 13-5 provides additional details
of the categorization of accident sequences at the SHINE facility and a discussion of how
the accident sequences are binned into the DBAs described in Chapter 13 of the FSAR.

The controls identified in the SSA include active and passive engineered controls and
specific administrative controls (SACs). The engineered controls credited for prevention or

Page 33 of 42



mitigation are incorporated into Section 3.0 (Limiting Conditions for Operation and
Surveillance Requirements) or Section 5.5.4 (Configuration Management) of the technical
specifications.

The accident sequences developed in the SSA do not credit operator actions for mitigation.
Human actions credited for accident sequence prevention are identified as SACs, which are
procedural controls incorporated into maintenance, inspection and testing, and operating
procedures. These procedural controls are subject to the requirements of Section 5.4
(Procedures) of the technical specifications.

RAI 13-5

10 CFR 50.34(b) states that the FSAR shall include information that describes the facility,
presents the design bases and the limits on its operation, and presents a safety analyses of the
structures, systems and components and of the facility.

10 CFR 50.34(b)(2) states that a description and analyses of the structures, systems and
components of the facility, with emphasis upon the performance requirements, the bases, with
technical justification therefor, upon which such requirements have been established, and the
evaluations required to show that safety functions will be accomplished.

10 CFR Part 50, paragraph 50.57(a)(3) states that an operating license may be issued upon
finding that, “There is reasonable assurance (i) that the activities authorized by the operating
license can be conducted without endangering the health and safety of the public...”

The ISG to NUREG-1537 states in Section 13a2 that the information in this chapter should
achieve the objectives stated in this chapter of NUREG-1537, Part 1 by demonstrating that the
applicant has considered all potential accidents at the reactor facility and adequately evaluated
their consequences.

The ISG to NUREG-1537 states NRC staff have determined that the use of Integrated Safety
Analysis (ISA) methodologies as described in 10 CFR 70 and NUREG-1520, application of the
radiological and chemical consequence and likelihood criteria contained in the performance
requirements of 10 CFR 70.61, designation of items relied on for safety, and establishment of
management measures are acceptable ways of demonstrating adequate safety for the medical
isotopes production facility. Applicants may propose alternate accident analysis methodologies,
alternate radiological and chemical consequence and likelihood criteria, alternate safety
features, and alternate methods of assuring the availability and reliability of the safety features.

SHINE has prepared a document entitled “SHINE Safety Analyses (SSA) Report (TECRPT-
2020-016) which discusses the safety analyses methodology; however, this methodology is not
discussed in the FSAR.

Revise the FSAR to include a description of the accident analysis methodology and criteria.
Discuss the types of hazards considered (e.g., radiological, chemical), the phases of operation
analyzed in the accident analysis (startup, normal operation, shutdown, non-routine operations),
the receptors considered, and the criteria used to determine the acceptability of accident
consequences for each type of hazard (e.g. chemical, radiological) and each receptor (e.g.,
public, worker, control room operator). Also discuss consideration of non-routine activities such
as (1) unplanned maintenance activities; (2) periods of extended shutdown, or (3) conditions
outside of the established Limiting Conditions of Operations (LCOs). Maintenance activities can
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create situations where there could be reduced controls or barriers resulting in the release of
hazardous material and extended shutdown periods or conditions exceeding LCOs could
introduce new accident scenarios.

SHINE Response

The SHINE Response to RAI 13-5 will be provided by January 31, 2021.
RAI 13-6

10 CFR 50.34(b) states that the FSAR shall include information that describes the facility,
presents the design bases and the limits on its operation, and presents a safety analyses of the
structures, systems and components and of the facility.

10 CFR 50.34(b)(2) states that a description and analyses of the structures, systems and
components of the facility, with emphasis upon the performance requirements, the bases, with
technical justification therefor, upon which such requirements have been established, and the
evaluations required to show that safety functions will be accomplished.

10 CFR Part 50, paragraph 50.57(a)(3) states that an operating license may be issued upon
finding that, “There is reasonable assurance (i) that the activities authorized by the operating
license can be conducted without endangering the health and safety of the public...”

The ISG to NUREG-1537 states in Section 13a2 that the information in this chapter should
achieve the objectives stated in this chapter of NUREG 1537, Part 1 by demonstrating that the
applicant has considered all potential accidents at the reactor facility and adequately evaluated
their consequences.

The SSA, as discussed in RAI 13-5, provides the results of the accident analyses which are
summarized in Chapter 13 of the FSAR. The SSA also outlines the various programs related to
the development, implementation and maintenance of the accident analysis.

Technical Specification Section 5.5.4 of FSAR Chapter (14) states that configuration
management is applied to all safety related SSCs. This statement seems inconsistent with

Item 7 in Section 5.3, “Programmatic Administrative Controls,” of the SSA, which states that the
configuration management program provides the means to evaluate “each change”. The
configuration management program should be applied to each proposed change because a
change that involves a non-safety-related SSC could introduce an unanalyzed condition or a
new hazard with significant consequences.

Revise the FSAR to clarify that configuration management is applied to “each change” not only
to “safety-related SSCs” or explain why such a revision is not necessary.

SHINE Response

SHINE has revised Section 5.5.4 of the technical specifications to specify that the configuration
management program is used to evaluate each change to the SHINE facility for the potential to
affect safety-related structures, systems, and components (SSCs). A mark-up of the technical
specifications is provided as Attachment 2. SHINE will provide a revision to the technical
specifications incorporating the mark-up by February 28, 2021.
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RAI 13-7

10 CFR 50.34(b) states that the FSAR shall include information that describes the facility,
presents the design bases and the limits on its operation, and presents a safety analyses of the
structures, systems and components and of the facility.

10 CFR 50.34(b)(2) states that a description and analyses of the structures, systems and
components of the facility, with emphasis upon the performance requirements, the bases, with
technical justification therefor, upon which such requirements have been established, and the
evaluations required to show that safety functions will be accomplished.

10 CFR Part 50, paragraph 50.57(a)(3) states that an operating license may be issued upon
finding that, “There is reasonable assurance (i) that the activities authorized by the operating
license can be conducted without endangering the health and safety of the public...”

The ISG to NUREG-1537 states in Section 13a2 that the information in this chapter should
achieve the objectives stated in this chapter of NUREG 1537, Part 1 by demonstrating that the
applicant has considered all potential accidents at the reactor facility and adequately evaluated
their consequences.

The ISG to NUREG-1537 states NRC staff have determined that the use of Integrated Safety
Analysis methodologies as described in 10 CFR 70 and NUREG-1520, application of the
radiological and chemical consequence and likelihood criteria contained in the performance
requirements of 10 CFR 70.61, designation of items relied on for safety, and establishment of
management measures are acceptable ways of demonstrating adequate safety for the medical
isotopes production facility. Applicants may propose alternate accident analysis methodologies,
alternate radiological and chemical consequence and likelihood criteria, alternate safety
features, and alternate methods of assuring the availability and reliability of the safety features.

SHINE has stated in the SSA that they are using guidance from NUREG-1520 to support their

accident analyses in the FSAR. The following items identified from SHINE's SSA summary are
not consistent with the regulatory guidance in Chapter 3 of NUREG-1520. The staff needs this

information to assess the completeness of the applicant’s accident analyses and the adequacy
of the applicant’s accident analyses methodology. Furthermore, the staff needs this information
to verify the applicant’s implementation of the SSA methodology for reasonable assurance that
the applicant will conduct operations without endangering the health and safety of the public.

a. Section 2.5.2 of the SSA states that the dose calculations were made using both the site
boundary and the location of the nearest resident as dose receptors. Revise the SSA dose
calculations and FSAR, as necessary, to consider the distance to the end of the owner-
controlled area, or the maximum exposed individual. Alternatively, justify use of the nearest
resident.

b. Inthe SSA, SHINE assigns a failure frequency index of -5 to some safe-by-design controls
without further justification. Similarly, SHINE assigns a failure probability index of -4 or -5 to
passive engineered controls with high design margin without further justification. Using
these assumptions, failure of a safe-by-design component is inherently considered highly
unlikely and therefore the accident sequence need not be developed and further analyzed.
According to guidance in Chapter 3 of NUREG-1520, the default failure frequency or failure
probability index for such controls is -3. The approach taken in the SSA is not consistent
with the guidance in NUREG-1520. Re-evaluate the applicable accident sequences using
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the assumptions from NUREG-1520. Alternatively, provide the analysis that justifies
assigning the associated failure frequencies or failure probability indices.

c. According to Tables 2.4.1 and 2.4.2 of the SSA, SHINE may assign a failure frequency
index of -4 and a failure probability index of -3 to an enhanced specific administrative
control. Given that this facility is first of a kind and the reliability of human actions in its
operation has not been studied to the extent of those in a nuclear reactor or typical fuel
cycle facility, it is unlikely these indices could be justified without a detailed analysis.
According to the guidance in NUREG-1520, the default failure frequency or failure
probability index for such controls is -2. Re-evaluate the applicable accident sequences
using the assumptions from NUREG-1520 for administrative controls. Alternatively, provide
the analysis that justifies assigning the associated failure frequencies or failure probability
indices.

d. As cited in NUREG-1520, the methodology should contain information on management
measures applied to ensure designated safety controls are reliable and available to perform
their intended safety function, i.e., management measures are necessarily distinct from the
IROFS to which they are applied. The applicant’'s SSA describes “Reliability Management
Measures” as programmatic administrative controls that are applied to credited controls.
These Reliability Management Measures include maintenance, inspections, and testing.
Appendix A appears to credit those measures as safety related. For those accident
sequences in Appendix A that credit Reliability Management Measures as preventing or
mitigating an accident sequence, the staff needs clarification on the credited controls to
which the Reliability Management Measures are applied. If the credited controls are also
Reliability Management Measures, the applicant should reevaluate the applicable accident
sequences to identify and evaluate the failure likelihood of the controls to which the
Reliability Management Measures are applied.

SHINE Response

The SHINE Response to RAI 13-7 will be provided by January 31, 2021.
RAI 13-8

10 CFR 50.34(b) states that the FSAR shall include information that describes the facility,
presents the design bases and the limits on its operation, and presents a safety analyses of the
structures, systems and components and of the facility.

10 CFR 50.34(b)(2) states that a description and analyses of the structures, systems and
components of the facility, with emphasis upon the performance requirements, the bases, with
technical justification therefor, upon which such requirements have been established, and the
evaluations required to show that safety functions will be accomplished.

10 CFR Part 50, paragraph 50.57(a)(3) states that an operating license may be issued upon
finding that, “There is reasonable assurance (i) that the activities authorized by the operating
license can be conducted without endangering the health and safety of the public...”

The ISG to NUREG-1537 states in Section 13a2 that the information in this chapter should
achieve the objectives stated in this chapter of NUREG 1537, Part 1 by demonstrating that the
applicant has considered all potential accidents at the reactor facility and adequately evaluated
their consequences.
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The ISG to NUREG-1537 states NRC staff have determined that the use of Integrated Safety
Analysis methodologies as described in 10 CFR 70 and NUREG-1520, application of the
radiological and chemical consequence and likelihood criteria contained in the performance
requirements of 10 CFR 70.61, designation of items relied on for safety, and establishment of
management measures are acceptable ways of demonstrating adequate safety for the medical
isotopes production facility. Applicants may propose alternate accident analysis methodologies,
alternate radiological and chemical consequence and likelihood criteria, alternate safety
features, and alternate methods of assuring the availability and reliability of the safety features.

The SSA included consequence categories comparable to the performance requirements in

10 CFR 70.61(b)(1) — (4), 70.61(c)(1) — (2) and 70.61(c)(4). However, the SSA does not discuss
a comparable consequence category as provided in performance requirement 70.61(c)(3),

i.e., a 24-hour release of radioactive material outside the restricted area in concentrations of
5000 times the values in Table 2 of Appendix B to Part 20. Furthermore, the SSA does not
include credible accident sequences exceeding a comparable threshold. This threshold, as put
forth in 70.61(c)(3), protects the public from releases that may result in intermediate
consequences as described in Section 2.3.2 of the SSA.

Describe how the SSA considers a consequence category comparable to performance
requirement 70.61(c)(3). Alternatively, justify its exclusion as a consequence category in the
SSA.

SHINE Response

The SHINE Response to RAI 13-8 will be provided by January 31, 2021.
RAI 13-9

10 CFR 50.34(b) states that the FSAR shall include information that describes the facility,
presents the design bases and the limits on its operation, and presents a safety analyses of the
structures, systems and components and of the facility.

10 CFR 50.34(b)(2) states that a description and analyses of the structures, systems and
components of the facility, with emphasis upon the performance requirements, the bases, with
technical justification therefor, upon which such requirements have been established, and the
evaluations required to show that safety functions will be accomplished.

The ISG to NUREG-1537 states in Section 6b.3 that the applicant has designed a facility that
will provide adequate protection against criticality hazards related to the storage, handling, and
processing of licensed materials. The facility design must adequately protect the health and
safety of workers and the public during normal operations and credible accident conditions from
the accidental criticality risks in the facility. It should also protect against facility conditions that
could affect the safety of licensed materials and thus present an increased risk of criticality or
radiation release.

The ISG to NUREG-1537 states NRC staff have determined that the use of Integrated Safety
Analysis methodologies as described in 10 CFR 70 and NUREG-1520, application of the
radiological and chemical consequence and likelihood criteria contained in the performance
requirements of 10 CFR 70.61, designation of items relied on for safety, and establishment of
management measures are acceptable ways of demonstrating adequate safety for the medical
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isotopes production facility. Applicants may propose alternate accident analysis methodologies,
alternate radiological and chemical consequence and likelihood criteria, alternate safety
features, and alternate methods of assuring the availability and reliability of the safety features.

a.

FSAR Section 6b.3 states that the CSP is intended to meet the applicable criticality safety
requirements of 10 CFR 70. Explicitly state which 10 CFR 70 requirements the applicant
considers applicable and intends to meet. Explicitly state whether the CSP meets, not
intends to meet, these requirements.

The accident analyses methodology contained in the SSA (see RAI 13-5) states the risk of
criticality accidents must be limited by assuring that under normal and credible abnormal
conditions, all nuclear processes within the RPF are subcritical, including use of an
approved margin of subcriticality for safety. Additionally, FSAR Section 6b.3, “Nuclear
Criticality Safety in the RPF,” suggests that the CSP is only applicable to activities
performed in the RPF. However, SSA Summary Table 2.8-1, “FSAR Accident Analyses for
the Irradiation Facility,” includes accident sequences in the Irradiation Facility (IF) that could
result in inadvertent criticality. Describe how subcriticality is assured under normal and
credible abnormal conditions for all nuclear processes performed within the IF, excluding the
target solution vessels (TSVs). Specifically, describe how subcriticality is assured in the
event of failure of a target solution vessel, TSV dump tank, and/or connected systems that
can result in target solution migration into unintended or unanticipated locations.

SHINE Response

The SHINE Response to RAI 13-9 will be provided by January 31, 2021.

RAI 13-10

10 CFR 50.34(b)(6) requires the FSAR to include:

iii.
iv.

V.

Vi.

the applicant’s organizational structure, allocations or responsibilities and authorities, and
personnel qualifications requirements,

managerial and administrative controls to be used to assure safe operation,

plans for preoperational testing and initial operations,

plans for conduct of normal operations, including maintenance, surveillance, and periodic
testing of structures, systems and components,

plans for coping with emergencies, which shall include items specified in appendix E,
proposed technical specifications prepared in accordance with the requirements of 50.36.

This type of information forms the basis for safety programs that identify and manage the
spectrum of hazards at the applicant’s facility including chemical hazards. Chemical safety is
specifically discussed in the ISG augmenting NUREG-1537, Part 1, as follows:

Section 4b.4.2, “Processing of Unirradiated Special Nuclear Material,” states that the
application should provide chemical accident prevention measures as appropriate”

Section 12.1.6, “Production Facility Safety Program,” states that the radioisotope production
facility must have an established safety program that includes chemical hazards

Section 13b.3, “Analyses of Accidents with Hazardous Chemicals,” states that the analyses
of accidents for the production facility should include chemical hazards
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e Section 14b, “Radioisotope Production Facility Technical Specifications,” states that the
technical specifications should consider chemical hazards

Technical Specification, Section 5.5.1, “Nuclear Safety Program,” states, in part, the following:

The SHINE nuclear safety program documents and describes the
methods used to minimize the probability and consequences of
accidents resulting in radiological or chemical release.

Technical Specification, Section 5.5.8, “Chemical Control,” states the following:

The SHINE chemical control program ensures that on-site chemicals are stored and
used appropriately to prevent undue risk to workers and the facility. The chemical control
program implements the following activities, as required by the accident analysis:

1. Control of chemical quantities permitted in designated areas and processes;
2. Chemical labeling, storage and handling; and
3. Laboratory safe practices.

However, there is no description in the FSAR how the nuclear safety program or chemical
control program identifies and manages chemical hazards.

Provide a description of the activities associated with the nuclear safety program and chemical
control program that minimizes the probability and consequences of accidents resulting in a
hazardous chemical release. Additionally, provide an explanation regarding the relationship
between the nuclear safety program and the chemical control program as it relates to the
identification and management of chemical hazards under NRC’s regulatory jurisdiction.

SHINE Response

The SHINE Response to RAI 13-10 will be provided by January 31, 2021.
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Chapter 3 — Design of Structures, Systems, and Components Design Criteria

CHAPTER 3 - DESIGN OF STRUCTURES, SYSTEMS, AND COMPONENTS
3.1 DESIGN CRITERIA

Structures, systems, and components (SSCs) present in the SHINE facility are identified in
Tables 3.1-1 and 3.1-2, including the applicable FSAR section(s) which describe each SSC and
the applicable SHINE design criteria. Design criteria derived from external codes, guides, and
standards specific to the design, construction, or inspection of SSCs are included in the
applicable FSAR section describing those SSCs. For each SSC, the FSAR section identifies
location, function, modes of operation, and type of actuation for specific SSCs, as applicable.

Nuclear Safety Classification

Safety-related SSCs at SHINE are those physical SSCs whose intended functions are to prevent
accidents that could cause undue risk to health and safety of workers and the public; and to
control or mitigate the consequences of such accidents.

Acceptable risk is achieved by ensuring that events are highly unlikely or by reducing
consequences less than the SHINE safety criteria. The SHINE safety criteria are:

* An acute worker dose of five rem or greater total effective dose equivalent (TEDE).

* An acute dose of 500-milli1 rem or greater TEDE to any individual located outside the
owner controlled area.

* An intake of 30 milligrams or greater of uranium in a soluble form by any individual
located outside the owner controlled area.

* An acute chemical exposure to an individual from licensed material or hazardous
chemicals produced from licensed material that could lead to irreversible or other serious,
long-lasting health effects to a worker or could cause mild transient health effects to any
individual located outside the owner controlled area.

+ Criticality in the radioisotope production facility (RPF).

* Loss of capability to reach safe shutdown conditions.

Some SSCs are nonsafety-related but perform functions that impact safety-related SSCs. These
nonsafety-related SSCs have design basis requirements necessary to prevent unfavorable
interactions with safety-related SSCs due to failure of the nonsafety-related SSCs.

Safety-related SSCs are identified in Table 3.1-1 and nonsafety-related SSCs are identified in
Table 3.1-2.

SHINE Design Criteria

The SHINE facility uses design criteria to ensure that the SSCs within the facility demonstrate
adequate protection against the hazards present. The design criteria are selected to cover:

+ The complete range of irradiation facility and radioisotope production facility operating
conditions.

* The response of SSCs to anticipated transients and potential accidents.

» Design features for safety-related SSCs including redundancy, environmental
qualification, and seismic qualification.

* Inspection, testing, and maintenance of safety-related SSCs.

SHINE Medical Technologies 3.1-1 Rev. 4



Chapter 4 — Irradiation Unit and
Radioisotope Production Facility Description Nuclear Design

the primary system boundary (PSB) should the safety parameter trip points be exceeded,
including high source range neutron flux.

In addition to TSV fill volumes and reactivity, the temperature of the target solution is monitored
via the temperature of the PCLS water. Due to the low decay power of the target solution, its
temperature is approximately equal to the cooling water temperature during startup mode. Due to
the operating characteristics of the SHINE system, a decrease in the temperature of the target
solution results in an increase in system reactivity. Excessive cooldown of the target solution
during startup is prevented by the TRPS initiating an IU Cell Safety Actuation on low PCLS
temperature and high source range neutron flux. The IU Cell Safety Actuation results in drainage
of the target solution in the TSV to the TSV dump tank, which maintains the k¢ below 0.954 for
the most reactive uranium concentration.

If at any time during the fill process neutron flux, TSV fill volume, or target solution temperatures
are determined to be outside allowable parameters, operators will transfer the entire contents of
the TSV to the TSV dump tank via gravity by opening the TSV dump valves. Due to the location
of the TSV dump tank in the light water pool, decay heat removal requirements from the target
solution are satisfied.

Mode 2: Irradiation Mode

After filling the TSV with target solution, the TSV is isolated from the TSV fill lift tank and the
target solution hold tank by closing two redundant (in series) fill valves. During Mode 2, there is
no capability to increase reactivity by adding target solution to the TSV. Given the aqueous target
solution negative void and temperature coefficients, reactivity decreases as the irradiation
process begins. Furthermore, any increase in operating power levels beyond normal operating
conditions results in a temperature increase and a corresponding increase in the void fraction of
the target solution itself, reducing the power level.

Testing has demonstrated that the pH of the uranyl sulfate remains stable during full power
operation. The TSV, TSV dump tank, and TOGS are operated as a closed system, except for gas
adjustments in TOGS for pressure and oxygen concentration control, to prevent an inadvertent
addition of material that could affect reactivity or system chemistry. Malfunctions in the TOGS
gas adjustments are evaluated for potential reactivity effects in the accident analysis discussed
in Subsection 13a2.1.2. The introduction of water into the system as a result of the failure of the
pressure boundary is also analyzed in Subsection 13a2.1.2.

During irradiation of the subcritical assembly, the TOGS is used to purge radiolytic hydrogen
from the headspace in the TSV. Section 4a2.8 provides a detailed discussion of the TOGS. The
PCLS has the capability to remove approximately 137.5 kilowatts (kW) (469,000 British thermal
units per hour [Btu/hr]) of heat from the TSV during irradiation. Cooling water is supplied to the
external surfaces of the TSV and neutron multiplier at approximately 68°F (20°C) and exits the
TSV and neutron multiplier at a maximum temperature of approximately 77°F (25°C). The TRPS
monitors the PCLS during irradiation for low flow, high temperature, and low temperature and
initiates an U Cell Safety Actuation if the limits are exceeded.

The light water pool is not directly cooled. The light water pool provides a large thermal mass that
absorbs heat and passively rejects heat to the PCLS-cooled components submerged in the pool
and the surrounding concrete and air in the 1U cell. The operating temperature of the pool ranges
between 50°F and 95°F (10°C and 35°C).

SHINE Medical Technologies 4a2.6-3 Rev. 3
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Chapter 4 — Irradiation Unit and
Radioisotope Production Facility Description Nuclear Design

out shape (Clayton, 1985)). This ensures that early predictions of critical volume are lower than
the actual critical volume and result in lower actual kg values.

Uncertainty in critical volume for SHINE’s normal approach to critical is a combination of
instrumentation and system design parameters. To calculate the uncertainty in the critical volume
during a normal startup following the 1/M process, the following assumptions are made:

» Detector uncertainty of 2 percent
* Level measurement uncertainty of 0.3 percent
e Minimum volume between 1/M points of 5 L

The uncertainty in the prediction of critical volume of the subcritical assembly using the 1/M
method is estimated to be less than [ ]JPROP/ECI for the nominal core and [  JPROP/ECI for
the limiting core.

The reactivity worth of that solution addition is calculated by MCNP5 and validated during startup
physics testing. The calculational uncertainty in the worth of that solution addition is described
above in this section.

TRPS high source range flux trip setpoints for Mode 1 are determined in accordance with
requirements in Subsection 4a2.6.2.7. The TRPS high source range flux trip setpoints provides
an engineered control to initiate dumping of the target solution to the TSV dump tank prior to
exceeding any allowable limits in anticipated transients and postulated accidents. Normal
operating procedures and administrative controls provide the first barrier to maintaining a
subcritical system, as described in Subsection 4a2.6.2.7.

The facility startup physics testing confirms that reactivity coefficients, worths, and kg
predictions are within the expected uncertainties. Estimates of reactivity parameter uncertainties
from the startup plan must be bounded by those used for the determination of safety limits or trip
setpoints, or if not, they are specifically evaluated for their effect on safety. Following completion
of the startup plan, target solution uranium concentration is adjusted based on the startup testing
results (see Section 12.11).

Due to the statistical nature of MCNPS, results from MCNPS5 also contain a statistical error. This
statistical error is included in calculations of bounding and analytical limits, and is generally small
in comparison with other sources of error.

4a2.6.2.6.1  Uncertainties in kg Values Relying on MCNP Calculation

The TSV dump tank and TOGS are designed to ensure that any target solution contained within
them is sufficiently shutdown. The TSV dump tank and TOGS k¢ values are directly calculated
by MCNP5.

These direct calculations of kg account for the bias and bias uncertainty of MCNP5, a subcritical
margin of 0.056 Ak, and uncertainty in MCNP5’s statistical analysis, as described below.

The MCNP bias and bias uncertainty was evaluated using greater than 120 critical and near-

critical benchmark data points. The benchmark data points were selected based on applicability
to the SHINE uranyl sulfate solution system. Using the results of the benchmark calculations, an
average K is calculated, weighted by the combined calculated and experimental uncertainties.

SHINE Medical Technologies 4a2.6-24 Rev. 3



Chapter 4 — Irradiation Unit and
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The difference between the weighted average k¢ and 1 is the bias. The bias is calculated using
the methodology in Section 2.4.1 of NUREG/CR-6698, Guide for Validation of Nuclear Criticality
Safety Calculational Methodology (NRC, 2001b).

For conservatism, positive bias (i.e., where MCNP is found on average to over-predict k) is
assumed to be zero for the purposes of determining TSV dump tank and TOGS reactivity.

Bias uncertainty is calculated based on the pooled variance of the data used to calculate the bias
and a one-sided tolerance factor. The bias uncertainty is calculated using the methodology
described in Section 2.4.1 of NUREG/CR-6698 (NRC, 2001b).

MCNP statistical uncertainty is accounted for in the calculation by adding two times the standard
deviation in ke reported by MCNP (oyesr ponp) O the ket reported by MCNP (Kef picnip)-

The TSV dump tank and TOGS are designed to a kg¢ value of less than 0.954 at the most
reactive uranium concentration and at cold conditions. Reactivity analysis for the TSV dump tank
and TOGS satisfies the following inequality:
Kerr, mcnp T 2 Okerr monp < K — 0.06 — A4 04
Where:
* K| is the weighted single-sided lower tolerance limit.
* AAO0A is an additional margin of subcriticality that may be necessary as a result of

extensions to the area of applicability.

Both of these values are determined following the methodology of Section 2.4.4 of
NUREG/CR-6698 (NRC, 2001b). K| includes the effects of bias and bias uncertainty.

The methodology ensures with a high degree of confidence that the target solution is safely shut
down by appropriately accounting for uncertainty in MCNP and providing margin to criticality.

See Subsection 4a2.6.3.4 for detailed discussion on TSV dump tank subcriticality.

See Section 4a2.8 for detailed discussion on TOGS subcriticality.

4a2.6.2.7 Trip Requirements to Limit Reactivity in Mode 1

In conjunction with the additional engineered and administrative controls described below, the
limiting trip setpoint for TRPS high source range neutron flux signal is designed such that during
normal operation and anticipated transients, the subcritical assembly ke remains below 1.0.
Anticipated transients in the subcritical assembly are described in Subsection 4a2.6.3.3.
Postulated accidents that could add reactivity to the system are described in

Subsection 13a2.1.2.

The trip setpoint is set to ensure a trip occurs prior to exceeding a percentage above the normal
startup flux as measured by the neutron detection system, per the equation below:
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collapse show that the transient occurs on a very short time scale, therefore a bounding analysis
was made for the maximum power.

For the limiting event, a full void collapse was considered with the system operating at 125 kW.
The maximum power reached was | JPROP/ECI "\yhich results in a target solution power
density below the limit for a transient event.

Loss of Neutron Source During Irradiation

Loss of neutron source during Mode 2 irradiation can occur due to intermittent decreases in the
fusion neutron yield by the neutron driver. Fusion neutron yield can temporarily drop to any
fraction from 100 percent and 0 percent due to focusing issues, electrical arcing, or other
malfunctions within the accelerator.

As the neutron source effects generate substantial reactivity defect in the system, this loss of
source creates positive reactivity insertion. During a loss of neutron source, void fractions
decrease as bubbles leave the solution and temperatures begin to cool down, leading to
reactivity increase.

The timing of this event was modeled for nominal conditions using TRIAD. Results showed that
the transient happens on a short time scale, therefore a bounding analysis was made for the
maximum power.

For this event, it is assumed that the accelerator decreases to 0 percent neutron yield. During
this event, itis assumed all void leaves the target solution, leading to a reactivitz/increase of up to

[ JPROP/ECI The temperature decreases, and within [ JPROP/ECI the TSV
temperature has decreased by up to 11.2°F (6.2°C). This creates a reactivity increase of up to

[ JPROP/ECI The final reactivity of the system is at least as negative as

[ ]PROPIECI helow the startup kegs.

It is assumed that the accelerator instantaneously returns to 122 percent output at peak
reactivity. This results in a peak TSV power of | JPROP/ECI The peak TSV power density is
[ JPROP/ECI Eqllowing the peak power, the thermal and void feedback effects rapidly

result in a decrease in power and the assembly output stabilizes with normal operating
parameters. The safety limits of the assembly are not challenged, and therefore, there is no
damage to the PSB.

Additional Target Solution Injection During Fill/Startup and Irradiation Operations

Target solution injection directly adds fissile material to the TSV, and results in reactivity
increase. Multiple administrative controls, passive safety features, and active safety features are
in place to limit the reactivity effects from additional target solution injection at TSV fill (Mode 1).
Target solution injection during irradiation (Mode 2) is not considered credible due to redundant
isolation valves interlocked with Mode 1 and the location of the TSV hold tank physically below
the TSV.

In Mode 1, the limiting transient event (i.e., the one calculated to yield the highest reactivity
values) is an inadvertent fill of solution after the target solution has already been filled to normal
startup Kes values. This could occur due to operator error or equipment malfunction.
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The second postulated scenario is precipitation of uranium solids from the solution. Precipitation
of uranium solids due to uranyl peroxide formation is possible in aqueous reactors. In the SHINE
system, chemistry, power density, and temperature limits have been placed on the target
solution as described in Subsection 4a2.6.3.5. Given these limits, no significant precipitation is
expected.

Summary of Credible Inadvertent Insertions of Reactivity

The controls that prevent or provide mitigation for the consequences of an excess reactivity
insertion event are listed in Subsection 13a2.2.2 for the seven initiating events discussed. Given
these controls, none of the analyzed events result in damage to the PSB.

4a2.6.3.4 Negative Reactivity

While typical reactors must have sufficient negative reactivity available in control rods to ensure
the reactor can be shut down safely, the subcritical assembly operates safely without control
rods. Reactors are required to characterize the amount of negative reactivity available to be
added to the core. In the SHINE system, the target solution is moved for shutdown rather than
adding poisons or control rod worth. Therefore, the concept of negative reactivity is different in
the SHINE system.

In the SHINE system, the subcritical assembly is shut down by moving the target solution to a
subcritical location (i.e., the TSV dump tank). The SHINE subcritical assembly is capable of
being shutdown to ks < 0.954 for any analyzed condition by transferring the target solution to the
TSV dump tank.

The important parameters for ensuring safe shutdown are: (1) the redundancy and reliability of
transferring the solution to the TSV dump tank (described in Subsection 4a2.6.3.7), (2) the rate of
target solution transfer to the TSV dump tank (described below), and (3) the reactivity analysis
once the solution is in the TSV dump tank (described below).

Rate of Target Solution Transfer to the TSV Dump Tank

When analyzing transient or accident scenarios involving the shutdown of the TSV, the following
parameters, or more conservative values, are used for the drain time, delay time, and opening time
of the dump valves. The TSV drain s?/stem must drain the TSV within 183 seconds with a liquid
volume in the TSV of [ JPROP/ECT \vhich is the limiting core configuration. The design drain time
is conservatively based on only one drain line being available.

The delay time between neutron flux levels exceeding predetermined limits and the start of the
dump valves opening is a maximum of one second. The duration of time it takes for the dump
valves to fully open is less than 2.0 seconds.

The specified drain time, delay time, and opening time ensure safe shutdown of the subcritical
assembly in anticipated transients and postulated accident conditions.

Reactivity Analysis in the TSV Dump Tank

The TSV dump tank reactivity has been analyzed using MCNP5. The V&V for MCNP5 is
discussed in Subsection 4a2.6.2.1. The kg calculation methodology and how uncertainties in the
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methodology are accounted for are discussed in Subsection 4a2.6.2.6.1. The methodology
ensures that kg in the dump tank remains less than 0.954.

The TSV dump tank is analyzed to remain safely shutdown for the most reactive uranium
concentration. The most reactive uranium concentration was found by calculating k¢ for a range
of uranium concentrations that spanned the peak reactivity (approximately 1000 gU/L). Then,
SHINE selected the concentration that resulted in the highest reactivity and used this
concentration for calculating dump tank kgg.

The most reactive uranium concentration results in an increase of approximately

[ JPROP/ECI rglative to the nominal concentration. This methodology ensures that the TSV
dump tank will be subcritical at any uranium concentration, which provides very high confidence
in shutdown margin for the range of normal conditions and accident scenarios. This significantly
increases margins when the system contains expected uranium concentrations, as specified in
Table 4a2.2-2.

The TSV dump tank reactivity increases as the target solution temperature cools down from its
operating temperature of approximately 118°F (48°C) to the light water pool temperature of
approximately 68°F (20°C). Dump tank reactivity is calculated assuming the target solution has
cooled down and achieved equilibrium with the pool.

Abnormal conditions were also evaluated within the TSV dump tank, including a design basis
seismic event, excessive corrosion, overfilling, salt accumulation, and water intrusion. The
increases in kg due to the single abnormal conditions analyzed do not result in kg values
exceeding 0.954. Therefore, the dump tank is able to maintain the solution in a subcritical state
when undergoing these analyzed single abnormal conditions.

Normal electrical power is not required to shut down the subcritical assembly or maintain it in a
safe shutdown condition. After a loss of normal electrical power, the target solution is allowed to
remain in the TSV for up to 3 minutes, with the dump valves receiving power from the
uninterruptible electrical power supply system (UPSS). After this period of time, the TSV dump
valves are automatically opened by TRPS disconnecting power to the valves, resulting in a dump
of the solution to the TSV dump tank. The TSV dump tank does not require active cooling given
the low decay heat loading of the target solution. Rejection of decay heat is achieved through
passive convection with the light water pool.

Safety-related electrical power from the UPSS is required by the TOGS for 5 minutes following a
loss of off-site power in order to maintain hydrogen concentrations at acceptable levels in the
PSB. See Section 4a2.8.

Transient poisons, such as xenon, are not credited in the reactivity analysis.

Verification of the kg and shutdown margin in the TSV dump tank is not required. This approach

to safety is acceptable given the largesubcritical margin te-eritical-of 0.056 Ak, the consideration

of relevant uncertainties in the calculation process, and the consideration of abnormal conditions

to which the vessel may be exposed while still maintaining the subcritical margin-te-eritical-of-0-05-
Ak,

The subcritical assembly is capable of being safely shutdown for any postulated reactivity
loading in the TSV. In the TSV dump tank, the target solution is maintained below a kg of 0.954
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The dump system consists of two completely independent flow paths between the TSV and the
TSV dump tank. The physical design connects the flow paths to different parts of the TSV and
dump tank. Each path consists of a dump line from the TSV to the TSV dump tank, and a dump
valve to control the drainage of the target solution into the TSV dump tank. Two completely
independent overflow lines are also present, which serve as vent lines from the TSV dump tank
to the TSV to equalize gas pressures during solution dumps.

The dump valves are highly reliable fail-open units designed for service in the environmental
conditions present. Both valves are actuated by isolating power to them, which is a method
resistant to common mode failures. Both TRPS and PICS can independently open the TSV dump
valves. The PICS and TRPS are configured in series configuration for the TSV dump valve
control. When the TRPS output is energized, the PICS has control of the TSV dump valves
independent from the TRPS. If either system de-energizes the output, the dump valves open.

Each dump valve is equipped with a valve position indicator, which immediately alerts the
operator of a failure of the valve to respond. Any failure of a valve to respond to a commanded
signal will be thoroughly investigated and corrected, as part of the corrective action program, to
ensure the valves can be relied upon when required.

Valves are maintained appropriately to ensure high reliability. Design considerations allow for
underwater maintenance of the valves, when needed. The valves are designed for a lifetime of
30 years.

There is internal redundancy within the TRPS such that a single failure does not result in a
spurious actuation. Either TRPS or PICS can open the dump valves.

As the dump valves are actuated with each irradiation cycle, they undergo regular normal
cycling. This frequent actuation provides data that could indicate degraded performance prior to
failure to perform their safety function. A decrease in drain rate indicates potential for dump line
blockage, overflow line blockage, or valve failure to fully open. An increase in valve opening time
indicates potential future valve failure. SHINE will monitor drain rates and opening time at least
yearly to ensure early indication of failures are identified.

Given the high valve reliability, automatic valve opening on control system or electrical power
failure, and ability to frequently actuate and trend performance of the dump valves, no additional
shutdown mechanisms are required for ensuring target solution can be shut down safely.

The target solution is maintained in a criticality-safe shutdown condition (keff less than 0.954) in
locations outside the TSV by passive engineered controls. TRPS IU Cell Safety Actuations also
lead to de-energizing the HVPS of the NDAS, which eliminates fusion neutron production and
terminates the fission process within the subcritical assembly.

The TSV dump valves and TPS provide a high degree of confidence in the ability to drain the
target solution to a safe shutdown configuration.

4a2.6.3.8 Technical Specifications

Certain material in this subsection provides information that is used in the technical
specifications. This includes limiting conditions for operation, setpoints, design features, and
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Table 4a2.6-6 — Calculated Core Effective Multiplication Factors

Kess in Mode 3

keff in Mode 1 keff in Mode 2 (After Solution has
(After Filling) (Steady-State(@) Dumped)
Nominal core [ |PROP/ECI [ |PROP/ECI <0.954
configuration
Limiting core [ {PROP/ECI [ {PROP/ECI <0.954
configuration

(a) At 125 kW fission power, using best estimate temperatures and void fractions
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There is no significant nitrogen oxide (NO,) gas present in the off-gas; therefore, there is no
postulated accident scenario resulting in the release or accumulation of NO, gas. The SHINE
target solution is a sulfuric/sulfate system. Nitric acid is not used to prepare the target solution or
to adjust the target solution chemistry.

Additionally, no significant amount of SO, gas is present in the off-gas. Sulfuric/sulfate was
chosen as the acid/counter ion system because of the stability it maintains in the presence of
radiation. Furthermore, the vapor pressure of sulfuric acid is known to be extremely low, so very
little SO, gases will leave the liquid phase. Therefore, it is not necessary to consider scenarios
related to SO, gas in the abnormal conditions of the TOGS.

Pressure safety valves are connected to the PSB piping to passively prevent an over-
pressurization of the PSB, which may cause structural damage to the IU or malfunction of TOGS.
The setpoint of the pressure safety valves does not exceed the design pressure of the PSB
components. The pressure safety valves are connected to the PVVS. PVVS is capable of
receiving the calculated maximum gas relieving rate from TOGS. The relief gas is then
processed through the PVVS filters, guard beds, and carbon delay beds to remove particulates,
remove iodine, and sufficiently delay noble gas release. This process ensures that the
radioactive release and dose requirements of 10 CFR 20 are met. See Subsection 9b.6.1 for a
discussion on the PVVS.

Transients can occur in the nuclear system due to pressure fluctuations, neutron driver
interruptions, cooling system malfunctions, and other causes. See Subsection 4a2.6.1 for kinetic
behavior of the TSV. Variations in TSV power lead to variations in hydrogen and oxygen
generation rates. TOGS is designed to handle transient and accident hydrogen generation rates
while maintaining hydrogen concentrations in the PSB below those that could cause damage to
the PSB.

SHINE has considered the long-term accumulation of fissionable material entrained in the
system. Long term accumulation of material could lead to flow blockages and subsequent
system malfunction, or it could present a hazard for inadvertent criticality. Inadvertent criticality is
discussed below. Monitoring is performed for flow blockages due to long term accumulation of
material by periodically trending system flow rates. Long term accumulation would result in
changes in pressure drops in the system, especially in the demisters and catalytic recombiner
beds.

4a2.8.5.1 Protection Against Inadvertent Criticality

The potential exists for fissile material from the TSV, such as uranium solution droplets, to enter
TOGS. Water leakage from the light water pool could cause flooding of the target solution into
TOGS. Droplet carryover from TOGS could lead to uranium entrainment in TOGS. Fissile
material, without proper design, could lead to inadvertent criticality in TOGS.

To prevent the potential for an inadvertent criticality in TOGS, the sections of TOGS that form a
portion of the PSB are designed to be geometrically favorable if fully flooded. Analyses are
performed in accordance with the methodology described in Subsection 4a2.6.2.6.1. The TOGS
Keff @nalysis is evaluated at the most reactive uranium concentration, which ensures the system
will be subcritical at any uranium concentration. As discussed in Subsection 4a2.6.2.6.1, TOGS
is designed to a kefs value of less than 0.954 at the most reactive uranium concentration and at
cold conditions.
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Since TOGS is designed to be at a kg below 0.954 even if fully flooded at the most reactive
uranium concentration, TOGS is protected against inadvertent criticality.

4a2.8.6 RADIATION AND HYDROGEN CONCENTRATION CONTROL/MONITORING

The TOGS is connected to the vacuum transfer system (VTS) for purging between irradiations,
as needed. The VTS discharges collected TOGS gases to the PVVS, where they are treated
through the PVVS filters, guard beds, and carbon delay beds. Purging the off-gas to the VTS
allows SHINE to decrease gaseous fission products contained within the system. TOGS is
purged to VTS prior to maintenance operations in which lower dose rates in and surrounding the
TOGS equipment are desired. The TOGS components are designed and shielded to limit
personnel exposure to radiation.

Hydrogen concentration monitoring instrumentation is included to measure the concentration of
hydrogen in the TOGS piping. The TOGS is designed to maintain hydrogen concentrations at or
less than 2 percent during normal operation.

If the hydrogen concentration exceeds 2.5 percent by volume, an alarm alerts the operator to
take action. If the neutron driver is shut down, the blowers and recombiners remain active to
circulate and recombine the hydrogen and oxygen in the off-gas.

The alarm setpoint of 2.5 percent is slightly higher than normal operating conditions to provide
advanced warning of abnormal conditions to the operator prior to reaching the operating limit of
3 percent while not resulting in excessive alarms that distract the operators in the control room.
The hydrogen concentration limit of 3.0 percent provides sufficient margin to hydrogen
concentrations that could result in a deflagration pressure exceeding 65 psia should the failure of
a single active component occur. A minimum TOGS mainstream flow of [ ]PROP/ECI
and a TOGS dump tank flow of | |PROP/ECI is required to ensure hydrogen can be
maintained below this limit.

The worst postulated single active failure is that of the blower ventilating the TSV dump tank. The
TSV reactivity protection system (TRPS) detects loss of flow and initiates an IU Cell Safety
Actuation and an IU Cell Nitrogen Purge. This opens the TSV dump valves and de-energizes the
high voltage power supply to the neutron driver, rapidly reducing hydrogen production.
Conservatively assuming that the TOGS and TSV were uniformly at 3.0 percent hydrogen
concentration prior to the trip, the peak hydrogen concentration has been calculated. This peak
hydrogen concentration results in deflagration pressures less than 65 psia assuming a
deflagration occurred immediately at the peak concentration.

Oxygen concentration monitoring instrumentation is also included to measure the concentration
of oxygen in the TOGS piping. Oxygen holdup in the target solution can lead to non-
stoichiometric releases of hydrogen and oxygen from the solution. A minimum oxygen
concentration of 10 percent is required to ensure hydrogen recombination in the TSV off-gas
recombiner occurs satisfactorily.

TOGS condenser demister outlet temperature sensors monitor the health of the condenser
demisters. A temperature over 25°C is indicative of a failure of the condenser demister, which
could lead to increased water holdup in TOGS and potential reduction in hydrogen
recombination. In the event of a failure, the TRPS would initiate an 1U Cell Nitrogen Purge.
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Table 6a2.1-2 — Comparison of Unmitigated and Mitigated Radiological Doses for Select Irradiation Facility DBAs

Unmitigated Public Dose (rem) Mitigated Public Dose (rem)
Public Worker :yr::m; Public Worker Il':’rg:ﬁ;
Representative DBA TEDE TEDE Organ TEDE TEDE Organ

Mishandling or Malfunction of Target Solution 443.7E+02 248.6E+03
(Primary Confinement Boundary — IU Cell) 5.03E+001 1 2 64.5E-021 162E+00  2.3.0B+001
Mishandling or Malfunction of Equipment 495 3E+06 403.7E+02 238.6E+03
(Primary Confinement Boundary — TOGS Cell) 1 1 2 21.3E-01 4-81.9E+00  4.2-8E+01
Facility-Specific Events 348.6E+02 3-:08.6E+02 251.4E-
(Tritium Confinement Boundary) 2.#5E+001 1 1 4-8.0F-01 +040 21.4E-+040
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Table 6b.1-2 — Comparison of Unmitigated and Mitigated Radiological Doses for Select
Radioisotope Production Facility DBAs

Unmitigated Public Dose (rem) Mitigated Public Dose (rem)
Public Worker IYI";::ﬁ; Public Worker :ync:::ﬁ;
Representative DBA TEDE TEDE Organ TEDE TEDE Organ
Critical Equipment Malfunction o= 6-84.2E- 3-27.6E- 5.2.9E=+-
+ + N N - -

(Process Confinement Boundary - Supercell) 648.0E+00 S2LIE+0T  4-82.5E+02 032 042 081
Critical Equipment Malfunction E=
(Process Confinement Boundary - Below Grade) o180E+00 OTHLIEH01 424E+02 824B-032  4.02B-042  23.9E+-001
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6b.3.1.2 Nuclear Criticality Safety Staff Qualifications
The minimum qualification entry requirements for NCS staff are:
Eissile Material HandierQualificati ot I

NCS Analyst: Baccalaureate degree in science or engineering from an accredited college or
university, or at least five years of directly applicable experience, or an equivalent
combination of education and experience.

NCS Engineer: Same as for an NCS Analyst

Senior NCS Engineer: Current qualifications as an NCS Engineer, plus three years of
experience as an NCS Engineer

NCS qualifications use a tiered approach, with three qualification levels for NCS Staff and
specific functional area qualifications for Fissile Material Handlers. The specific training
requirements are taken from ANSI/ANS-8.26-2007 (R2016), Criticality Safety Engineer Training
and Qualification Program (ANSI/ANS, 2007a). SHINE uses qualification cards to record an
individual's progress towards qualification. Qualification cards list the necessary knowledge and
performance requirements for NCS staff and provide a record of completion for qualification
activities. Assignment of personnel for qualification is made by an engineering manager.
Maintenance of qualifications is required for NCS staff.

Qualifications granted by external organizations may be recognized based on verification and
completion of SHINE facility-specific portions of the appropriate qualification card. Experience in
NCS may be used to exempt individual training and qualification requirements. Where
experience is used for exemptions, appropriate documentation is attached to the qualification
card and retained. Facility familiarity and walk-through requirements may not be exempted and
are required in addition to recognition of externally-completed qualifications. Maintenance of
qualifications is required for NCS staff.

6b.3.1.3 Use of National Consensus Standards

The CSP commits to the requirements of the following national consensus standards, subject to
the clarifications and exceptions identified in RG 3.71, with certain SHINE-specific limitations
described below:

Standards endorsed without clarifications or exceptions by the Nuclear Regulatory
Commission (NRC) in RG 3.71:

* ANSI/ANS-8.6-1983 (R2017), Safety in Conducting Subcritical Neutron-Multiplication
Measurements In Situ (ANSI/ANS, 1983)

* ANSI/ANS-8.7-1998 (R2017), Nuclear Criticality Safety in the Storage of Fissile Materials
(ANSI/ANS, 1998)

* ANSI/ANS-8.19-2014, Administrative Practices for Nuclear Criticality Safety (ANSI/ANS,
2014a)

*  ANSI/ANS-8.20-1991 (R2015), Nuclear Criticality Safety Training (ANSI/ANS, 1991)
AN AN Q Q0 22 aWa H hao H o itio
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* ANSI/ANS-8.22-1997 (R2016), Nuclear Criticality Safety Based on Limiting and
Controlling Moderators (ANSI/ANS, 1997a)

* ANSI/ANS-8.26-2007 (R2016), Criticality Safety Engineer Training and Qualification
Program

Standards endorsed in RG 3.71 with clarifications or exceptions:

* ANSI/ANS-8.1-2014, Nuclear Criticality Safety in Operations with Fissionable Materials
Outside Reactors (ANSI/ANS, 2014b)
The clarification applied to this standard is related to subcritical limits for plutonium
isotopes and is not applicable to the SHINE facility.
* ANSI/ANS-8.3-1997 (R2017), Criticality Accident Alarm System (ANSI/ANS, 1997b)
The clarifications and exceptions applied to this standard are applicable to the SHINE
facility.
AN

a) allal a AN

*  ANSI/ANS-8.23-2007 (R2012), Nuclear Criticality Accident Emergency Planning and
Response (ANSI/ANS, 2007b)
The clarification applied to this standard is applicable to the SHINE facility.

* ANSI/ANS-8.24-2017, Validation of Neutron Transport Methods for Nuclear Criticality
Safety Calculations (ANSI/ANS, 2017)
The clarifications applied to this standard are applicable to the SHINE facility.

The following ANSI/ANS Series 8 Standards are not used by the SHINE CSP. For each
standard, the basis for non-implementation is provided:

* ANSI/ANS-8.5-1996 (R2017), Use of Borosilicate-Glass Raschig Rings as a Neutron
Absorber in Solutions of Fissile Material.
Borosilicate-glass Raschig rings are not used in the SHINE facility.

* ANSI/ANS-8.10-2015, Criteria for Nuclear Criticality Safety Controls in Operations with
Shielding and Confinement (ANSI/ANS, 2015).
SHINE does not apply the criteria provided in this standard for determining the adequacy
of shielding and confinement.

* ANSI/ANS-8.12-1987 (R2016), Nuclear Criticality Control and Safety of Plutonium-
Uranium Fuel Mixtures Outside Reactors.
Plutonium is not used as a fuel component at SHINE. Only small quantities are present
due to burnup.

* ANSI/ANS-8.14-2004 (R2016), Use of Soluble Neutron Absorbers in Nuclear Facilities
Outside Reactors.
SHINE does not use soluble neutron absorbers for control of criticality.

* ANSI/ANS-8.15-2014, Nuclear Criticality Control of Selected Actinide Nuclides.
SHINE does not conduct operations with non-negligible quantities of the selected actinide
nuclides.

+ ANSI/ANS-8.17-2004 (R2014), Criticality Safety Criteria for the Handling, Storage and
Transportation of LWR Fuel Outside Reactors.
SHINE does not handle, store, or transport LWR fuel rods or units.

*  ANSI/ANS-8.21-1995 (R2011)., Use of Fixed Neutron Absorbers in Nuclear Facilities
Outside Reactors (ANSI/ANS, 1995)
SHINE does not use fixed neutron absorbers for control of criticality.
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* ANSI/ANS-8.27-2015, Burnup Credit for LWR Fuel.
SHINE does not possess irradiated LWR fuel assemblies.

6b.3.1.4 Nuclear Criticality Safety Evaluations

NCSEs are conducted for each FMO within the radioisotope production facility (RPF) to ensure
that under normal and credible abnormal conditions, all nuclear processes remain subcritical with
an approved margin of subcriticality for safety. An FMO is any process or system that has the
potential to contain more than 250 g of non-exempt fissile material. This limit is selected based
on one-half of the single parameter mass limit for uranium-233 identified in ANSI/ANS-8.1-2014.
For the purposes of application of this limit, all fissionable isotopes in the process or system are
considered to be fissile.

Exempt fissile material is defined as special nuclear material (SNM) that meets the requirements
from classification as fissile nuclear material as specified in 10 CFR 71.15. The limits specified in
10 CFR 71.15 are derived for use in nuclear material transport and long-term storage and are
acceptably conservative. When 10 CFR 71.15 is invoked to exempt a process or system, the
NCSE must show that there are no credible means of changing the physical composition or
configuration of the material.

NCS limits are derived based on assuming optimum or most-reactive credible parameter values
unless specific controls are implemented to limit parameters to a particular range. If less-than-
optimum values are used, the basis for use is included in the NCSE. Operating limits which take
process variability and uncertainty into account are used to ensure NCS limits are unlikely to be
exceeded. Controls used to enforce safety and operating limits are specified in the NCSEs.

The NCSEs are conducted using appropriate hazard evaluation techniques, including "What-if,"
"What-if Checklist," and Event Tree Analysis, to determine potential scenarios which could result
in an inadvertent criticality event. Process hazards evaluations are referenced to identify
additional potential scenarios that have been determined to have potential criticality safety
implications (e.g. chemical safety, fire, radiological events). The identified scenarios are
screened based on a qualitative determination of likelihood and those events which are deemed
to be credible are evaluated for appropriate control selection. For the purposes of NCSEs,
criticality events are always considered to be "high" consequence, with a strict emphasis on
selection of controls to prevent criticality. \Where the double contingency principle (DCP) is
employed, the NCSE contains a description of its implementation.

The NCS limits used in the evaluations are derived from industry-accepted and peer-reviewed
references, including ANS standards; from hand calculations using industry-accepted and peer-
reviewed techniques, such as solid-angle or surface density calculation; or from computational
methods. In cases where hand calculations are used, each technique is used consistent with any
limitations.
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6b.3.1.5 Computational System Validation

Where computational methods are employed, the computational system is verified and validated

usmg the gwdance in NUREG/CR 6698—Revermea¥ren—ef—the—eempﬁahenaksystem+s—eendﬁeted—
A ; (USNRC, 2001).

A written validation report for the computational systems used for NCS calculations is
documented and maintained in accordance with the SHINE document control process. The
validation process was performed using Monte Carlo n-Particle (MCNP) software, version
MCNP5-1.60. Verification of the MCNP software installation was performed using developer-
supplied verification tools, and re-verification of the computational system is conducted following
any changes to the hardware or operating system.

The validation report uses benchmarks from the Handbook of the International Criticality Safety
Benchmark Evaluation Project (ICBEP). Benchmarks were selected for evaluation based on their
similarity to the SHINE solution system, as no plant-specific benchmark experiments are
available. The fissile material, enrichment, chemical form, range of concentration, and reflector
materials were considered in the selection of benchmarks. The selected benchmarks series,
number of cases selected from each benchmark series, and a description of each physical
system is provided in Table 6b.3-1. A summary of the area of applicability covered by the
validation report is provided in Table 6b.3-2.

The bias and bias uncertainty were calculated using the methodology described in
NUREG/CR-6698. The benchmark data were tested using a modified Shapiro-Wilk test for
normality and were determined to be normally distributed. A single-sided tolerance limit approach
was used to determine the bias uncertainty. The upper subcritical limit is the difference between
unity and the sum of the bias (zero, because a positive bias was determined), the bias
uncertainty, and the subcritical margin.

The margin of subcriticality used for SHINE solution processes is 0.06. A subcritical margin of
0.05 was conservatively selected based on the quantity and quality of the selected benchmarks.
An additional subcritical margin of 0.01 is applied to provide additional conservatism to account
for the limited number of experimental benchmarks specific to uranyl sulfate systems. NCSEs
ensure that the evaluated processes fall within the range of the validated computational system.
The validation range may be extended beyond the range of the benchmark data using additional
subcritical margin or bias trending analysis to ensure that the existing subcritical margin is
appropriate. Where extrapolation or wide interpolations are used to extend the validation range,
the recommendations of NUREG/CR-66989 are used. When a positive bias is encountered, it is
set to 0 for the purposes of calculating subcritical limits, and data outliers are only rejected based
on inconsistency with known physical behavior; statistical rejection methods for outliers are not
used. NCS limits are selected to incorporate appropriate margins to protect against uncertainty in
process variables and to prevent a limit being accidently exceeded. Allowances for uncertainty in
the methods, data, and bias are included in the selected limits. Studies are conducted to
correlate the effects of changing one controlled parameter on other controlled parameters, such

as to evaluate compliance with the deuble-centingeney-prineiple{DCP3.
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NCS program documentation, evaluations, and calculations are maintained in accordance with
the SHINE records management system. Equipment characteristics relied on to maintain NCS
limits are identified as NCS controls and are maintained by the SHINE configuration
management system.

Process or design changes that could affect NCS limits or controls are evaluated using the

facility change process reqwrements of 10 CFR 50. 59 Sueh—ehanges—meluele—new—de&gn—
preeeelwee—er—admms#afwe—een#ele—Pnor to |mpIement|ng the change the NCSE is reviewed

and updated if needed to determine that the entire process will be subcritical under both normal
and credible accident scenarios.

6b.3.1.6 Nuclear Criticality Safety Training

In support of SHINE's CSP, a two-tiered NCS training program is established and maintained.
The first-tier training program includes the Program Content identified in ANSI/ANS-8.20-1991
(R2015), and is directed toward those who manage, work in, or work near areas where the
potential exists for a criticality accident. The second-tier training is specific to NCS staff. NCS
staff training meets the requirements identified in ANSI/ANS-8.26-2007 (R2016). Both tiers of
NCS training include procedural compliance, stop-work authority, response to criticality alarms,
and reporting of defective conditions.

6b.3.1.7 Criticality Safety Program Oversight

Operations are reviewed at least annually to verify that procedures are being followed and that
process conditions have not been altered to affect the NCSE. NCS staff conduct walkthroughs of
facility processes and procedures as part of the annual operational review. These reviews are
conducted, in consultation with operating personnel, by individuals who are knowledgeable in
NCS and who, to the extent practicable, are not immediately responsible for the operation, and
are documented. Active procedures are reviewed periodically by supervisors.

The NCS Lead schedules and coordinates routine NCS oversight activities:

* NCS staff conduct and participate in routine audits of NCS practices, including
compliance with procedures.

* NCS staff examine reports of procedural violations and other deficiencies for possible
improvement of safety practices and procedural requirements. Findings are reported to
management.

* NCS staff periodically review NCSEs to determine their continued applicability and
validity. This should include a review of elements of the evaluation such as scope,
assumptions, normal conditions, credible abnormal conditions, controls, and limits.
Annual reviews of NCSEs and calculations are conducted, with each evaluation and
calculation being reviewed at least once every three years.

» At least every three years, an audit of the overall effectiveness of the CSP is performed.
Management participates actively in this activity.

Equipment and procedures needed for NCS controls are clearly identified. Activities involving
fissile material are conducted using written and approved procedures. For situations in which
approved procedures are inadequate or do not exist, personnel are required to take no action
until the NCS staff has evaluated the situation and provided recovery instructions. Procedures
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are supplemented by appropriate material labeling and postings, specifying material identification
and limits on parameters, in areas, operations, workstations, and storage locations subject to
procedural controls. Equipment and procedures are maintained as part of the facility
management measures.

6b.3.1.8 Criticality Safety Nonconformances

The adequacy of engineered and administrative NCS controls is routinely assessed as part of the
SHINE facility audits and inspections. Deviations from procedures and unintended alterations in
process conditions that affect NCS are promptly reported to management using the corrective
action program, investigated promptly, corrected as appropriate, and documented. Action to
correct such deviations or alterations is taken in accordance with procedural requirements and
with guidance obtained from the NCS staff. Action is taken to prevent recurrence for significant
conditions adverse to quality. Records of NCS deficiencies and associated corrective actions are
maintained in the corrective action program.

Upon the loss of double contingency protection, operations are suspended and processes
rendered safe until double contingency protection can be restored. Adequacy of the affected
controls is subsequently assessed as part of the corrective actions.

NCS events are reported to the NRC in accordance with the reporting requirements of
10 CFR 70.50, 10 CFR 70.52, and 10 CFR Part 70, Appendix A.

6b.3.1.8.1 Planned Response to Criticality Accidents
The CAAS is described in Subsection 6b.3.3.

SHINE maintains an emergency plan which includes the planned response to criticality
accidents. The emergency plan contains information on the provision of personnel accident
dosimeters in areas that require the CAAS and arrangements for on-site decontamination of
personnel and the transport and medical treatment of exposed individuals. The SHINE
emergency plan is further described in Section 12.7.

6b.3.1.8.2 Criticality Safety Event Reporting
Facility procedures include provisions for rapid evaluation of the significance of NCS events,
including immediate notifications of facility NCS staff and the assessment of events with respect

to the loss or degradation of double contingency protection.

The significance and reportability of NCS events is based on the loss or degradation of NCS
controls and not on the event sequence with respect to whether or not limits were exceeded.

If an NCS event cannot be affirmatively determined to not require a one-hour report within one
hour, it is reported as an event requiring a one-hour report.

6b.3.2 CRITICALITY SAFETY CONTROLS

General

SHINE Medical Technologies 6b.3-8 Rev. 3



Chapter 6 — Engineered Safety Features

Nuclear Criticality Safety in the
Radioisotope Production Facility

Table 6b.3-1 — Summary of Benchmarks Selected for the SHINE Validation Report

Benchmark Series Cases Description of Physical Systems
LEU-SOL-THERM-003 9 10.06% enriched uranyl nitrate, un-reflected
IEU-SOL-THERM-002 13 30.45% enriched uranyl fluoride, water-reflected and

un-reflected
IEU-SOL-THERM-003 46 30.3% uranyl fluoride, water-reflected and un-reflected
IEU-SOL-THERM-004 1 14.7% uranyl sulfate, reflected by beryllium oxide
LEU-SOL-THERM-004 7 9.97% enriched uranyl nitrate, water-reflected
LEU-SOL-THERM-007 5 9.97% enriched uranyl nitrate, un-reflected
LEU-SOL-THERM-008 4 9.97% enriched uranyl nitrate, concrete-reflected
LEU-SOL-THERM-016 7 9.97% enriched uranyl nitrate, water-reflected
LEU-SOL-THERM-017 6 9.97% enriched uranyl nitrate, un-reflected
LEU-SOL-THERM-018 6 9.97% enriched uranyl nitrate, concrete-reflected
LEU-SOL-THERM-020 4 9.97% enriched uranyl nitrate, water-reflected
LEU-SOL-THERM-021 4 9.97% enriched uranyl nitrate, un-reflected
LEU-SOL-THERM-023 9 9.97% enriched uranyl nitrate, un-reflected
LEU-SOL-THERM-025 7 9.97% enriched uranyl nitrate, concrete-reflected
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Table 6b.3-2 — Area of Applicability Summary

Parameter

Area of Applicability

Fissile Material and Composition

Uranyl Sulfate

Uranyl Nitrate
Uranyl Fluoride

Chemical Form Solution
Average Neutron Energy Causing Fission (ANECF) (MeV) 0.004-0.064
Enrichment (wt. %) 10-30.5
Reflector Materials None
Water
Graphite
Beryllium Oxide
Concrete
Uranium Concentration (g-U/L) 52.8-960
H/233Y Ratio 75-1610
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13a2 IRRADIATION FACILITY ACCIDENT ANALYSIS

The purpose of this section is to identify the postulated initiating events and credible accidents
that form the design basis for the irradiation facility (IF), which includes the irradiation units (IUs)
and supporting systems. Section 13b identifies the postulated initiating events and credible
accidents within the radioisotope production facility.

Design basis accidents were identified using the following sources of information:

*+ NUREG-1537 (USNRC, 1996) and the Interim Staff Guidance Augmenting NUREG-1537
(USNRC, 2012a);

* Process hazard analysis method within the safety analysis; and

» Experience of the hazard analysis team.

Each identified accident scenario was qualitatively evaluated for its potential chemical or
radiological consequences. For accident scenarios with potential consequences that could
exceed the appropriate evaluation guidelines for worker or public exposure, controls were
applied to ensure that the scenario is prevented or that consequences are mitigated to within
acceptable limits. For accident scenarios which are not prevented, the radiological or chemical
consequences were quantitatively evaluated to demonstrate the effectiveness of the selected
mitigative controls or shown to be bounded by other quantitative analysis.

The quantitative analysis includes:

1) Identification of the limiting initiating event, initial conditions, and boundary conditions.

2) Review of the sequence of events for functions and actions that change the course of the
accident or mitigate the consequences.

3) Identification of damage to equipment or the facility that affects the consequences of the
accident.

4) Review of the potential radiation source term and radiological consequences.

5) Identification of safety controls to prevent or mitigate the consequences of the accident.

The results of these analyses are provided in Section 13a3. The analyses identify those safety-
related structures, systems, and components (SSCs) and engineered safety features for each
accident, and demonstrate that the mitigated consequences do not exceed the radiological
accident dose criteria, described in Section 13a2.2.

13a2.1 ACCIDENT-INITIATING EVENTS AND SCENARIOS

The design basis accidents (DBAs) identified in this section are credible accident scenarios that
range from anticipated events, such as a loss of electrical power, to events that are still credible,
but considered unlikely to occur during the lifetime of the plant. The H=maximum hypothetical
accident (MHA) is also defined to result in the bounding radiological consequences for the

{ESHINE facility.

Based on the guidance provided in the Interim Staff Guidance (ISG) Augmenting NUREG-1537
(USNRC, 2012a), the following accident categories were used to identify potential accident
sequences:
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* Maximum hypothetical accident (Subsection 13a2.1.1)

» Excess reactivity insertion (Subsection 13a2.1.2)

* Reduction in cooling (Subsection 13a2.1.3)

» Mishandling or malfunction of target solution (Subsection 13a2.1.4)

* Loss of off-site power (LOOP) (Subsection 13a2.1.5)

+ External events (Subsection 13a2.1.6)

* Mishandling or malfunction of equipment (Subsection 13a2.1.7)

* Large undamped power oscillations (Subsection 13a2.1.8)

+ Detonation and deflagration in the primary system boundary (Subsection 13a2.1.9)
+ Unintended exothermic chemical reactions other than detonation (Subsection 13a2.1.10)
+ System interaction events (Subsection 13a2.1.11)

» Facility-specific events (Subsection 13a2.1.12)

The effects of losses of electrical power and operator errors were considered as initiating events
within the scope of the process hazard analysis (PHA) process and are therefore considered
within each event category.

13a2.1.1 HE=MAXIMUM HYPOTHETICAL ACCIDENT

tn—aeee#elanee—with—tlh gwdance in the—lSG—Augmentmg—NUREG 1537 (USNRC 294—2&1996)—&

aeetdeﬁt—eeﬂade;ed—te-be—eFeehbte—ts—aﬁalyzed— descrlbes the MHA asa postulated aCC|dent

scenario whose potential consequences are shown to exceed those of any credible accidents,
and that such a scenario need not be entirely credible. SHINE considers such a scenario to be a
beyond design basis accident (BDBA).

In lieu of identifying a BDBA scenario as the MHA for the SHINE facility, SHINE has chosen to
identify a credible fission product-based DBA which bounds the radiological consequences to the
public of all credible fission product-based accident scenarios as the MHA for the SHINE facility.
The MHA for the SHINE facility is identified as the failure of the target solution vessel (TSV)
off-gas system (TOGS) pressure boundary resulting in a release of off-gas into the TOGS cell. A
general description of this scenario is provided in Subsection 13a2.1.7.2, Scenario 1. A detailed
description of this scenario and an evaluation of the radiological consequences is provided in
Subsection 13a2.2.7.
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13a2.1.2 INSERTION OF EXCESS REACTIVITY

The excess reactivity insertion event during normal operations is identified as a potential initiating
event for accidents in the accident analysis. The potential for excess reactivity insertions during
the startup process and irradiation mode of the TSV was identified as scenarios to be evaluated.

Two operating modes that have potential reactivity impacts were evaluated for the TSV:

* Mode 1 - Startup Mode: filling the TSV
* Mode 2 - Irradiation Mode: operating mode (neutron driver active)

Excess reactivity insertion events can challenge the integrity of the primary system boundary
(PSB) by causing increased power density, temperature, and pressure.

The subcritical assembly system (SCAS) is designed to operate in a subcritical state without
available excess reactivity. Reactors normally have engineered reactivity control mechanisms
and load excess reactivity into the core to accommodate power defect, fuel burnup, and
uncertainty in ke. There are no reactivity control systems in the SHINE system. Analyzing the
inadvertent withdrawal of the most reactive control element as performed for reactors is not
possible. SHINE will not perform experiments with the IUs, so there are no reactivity effects from
experiment malfunctions.

For the subcritical assembly being driven by the neutron driver (such as in Mode 2), excess
reactivity insertion (i.e., reactivity inserted beyond planned operations) has similar effects to
excess reactivity insertions in a reactor, including increases in power, temperature, and gas
generation. As substantial power can be generated even if reactivity remains subcritical in a
driven system, the effects of excess insertions of reactivity were considered in the safety
analysis.

For the subcritical assembly, when it is not being driven by the neutron driver (such as in Mode 1
or Mode 2 during Driver Dropout), excess reactivity insertion could lead to inadvertent criticality
and unplanned fission power generation, temperature increase, and gas generation.

The assembly is designed to be in a subcritical condition during each mode of operation, with
multiple safety controls to prevent or mitigate an excess reactivity insertion or inadvertent
criticality. The potential for an inadvertent criticality is greater during fill operations. However, as
discussed in the following subsections, controls are in place to safely limit excess reactivity
insertions.
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Inadvertent criticality events outside the IF (i.e., in the radioisotope production facility [RPF]) are
prevented by the nuclear criticality safety program, as described in Section 6b.3.

13a2.1.2.1 Identification of Causes, Initial Conditions, and Assumptions

The following postulated initiating events and scenarios that could lead to an excess reactivity
insertion or power transient during operation were identified using the guidance in the ISG
Augmenting NUREG-1537 (USNRC, 2012a):

* Increase in the target solution density during operations (e.g., due to pressurization)

» Target solution temperature reduction during fill/startup (e.g., excessive cooldown)

* Target solution temperature reduction during irradiation (e.g., excessive cooldown)

» High reactivity and power due to high neutron production at cold conditions

* Moderator addition due to cooling system malfunction (e.g., cooling water in-leakage)

+ Additional target solution injection during fill/startup and irradiation operations

* Realistic, adverse geometry changes

* Reactivity insertion due to moderator lumping effects (e.g., voiding in the cooling system)

* Inadvertent introduction of other materials into the TSV (e.g., uranium solids introduction
or precipitation of uranium from target solution)

+ Concentration changes of the TSV target solution (e.g., through boiling or evaporation)

* Failure to control temperature during 1/M measurements at startup

The following initial conditions or assumptions are made with respect to the Mode 1 and Mode 2
operations:
+ TSVisfilled to an approximate kg Of [ ]PROP/ECI
temperature range of 59°F to 77°F (15°C to 25°C).
+ The TSV is operated in a subcritical state with a nominal kg of approximately [

]PROP/ ECl during steady-state irradiation operations. The TSV is designed to operate
with the neutron driver in service with a source strength yielding a maximum value of
125 kilowatts (kW) power within the target solution.

* During irradiation, the TSV is designed to operate with a maximum average temperature
below 176°F (80°C).

* The target solution has high negative temperature and void coefficients, as described in
Section 4a2.6).

* The TRPS is designed to dump the TSV on high neutron flux level (source, wide range,
and time-averaged) to protect the PSB.

* Redundant, fail-open TSV dump valves ensure target solution can be dumped and are
cycled each irradiation cycle.

* The TRPS is designed to dump the TSV on high PCLS temperature, low PCLS
temperature, and low PCLS flow.

at a cold startup

13a2.1.2.2 General Scenario Descriptions

The general scenarios for each of the potential excess reactivity insertion events listed in
Subsection 13a2.1.2.1 are discussed in detail below.

Scenario 1 — Increase in the Target Solution Density During Operations
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During irradiation operations, the limiting target solution cooldown scenario occurs when the TSV
is operating normally at licensed power of 125 kW and then PCLS temperature instantaneously
decreases from 25°C to 15°C. Given the thermal mass of the PCLS, the instantaneous change is
a conservative approximation. The thermal mass of the TSV and target solution is slow to
respond, allowing sufficient time for the TRPS IU Cell Safety Actuation on high time-averaged
neutron flux at 104 percent of licensed power. This drains the target solution to the TSV dump
tank, terminating the event.

Greater PCLS temperature changes are prevented by the TRPS IU Cell Safety Actuation on high
and low PCLS temperature, resulting in a dump of the target solution and termination of the
neutron generation by the neutron driver assembly system (NDAS). The draining of the target
solution to the TSV dump tank results in safe shutdown of the target solution. No damage to the
PSB occurs and there are no radiological consequences.

Scenario 4 — High Power Due to High Neutron Production and High Reactivity at Cold Conditions

A high reactivity and power event can occur due to excess tritium injection into the NDAS during
cold conditions. This can occur as a result of a tritium purification system (TPS) control system or
component failure during startup that injects excess tritium before the TSV is at operating
temperature. The TRPS initiates an IU shutdown on high wide range neutron flux.

A high reactivity and power event can also occur if the NDAS neutron production drops to a lower
flux than expected due to focusing issues, electrical arcing, or other malfunctions. This loss of
neutron source during irradiation results in a decrease in void fraction and a target solution
cooldown in the TSV. If the NDAS neutron production were to rapidly return to full output
subsequent to a loss of void fraction and cooldown, excessive power generation could occur that
could challenge target solution power density limits or PSB integrity.

To prevent excessive power pulses at the start of the irradiation cycle, FRPSpermissivesprevent
it oning from Mod Mode-2 thtik-the |

]PROP/ ECl This prevents the driver from producing excessive neutrons concurrent with high
system reactivity.

To prevent excessive power pulses during driver ramp-up as the target solution has not yet
reached operating temperature, the rate of tritium concentration increase in the NDAS target
chamber is limited by the achievable flow rate of tritium from the TPS. This design characteristic
is passive and designed to prevent a TPS failure that could result in rapid tritium concentration
increase in the target chamber.

To prevent excessive power pulses during irradiation, the TRPS de-energizes the NDAS high
voltage power SUSE%/ (HVPS) redundant breakers on a driver dropout signal after

[ ]PRO "ECI of low power range neutron flux in Mode 2 are detected. This prevents the
driver from producing excessive neutrons concurrent with high system reactivity.

As described in Subsection 4a2.6.3, the cooldown and void loss during this event creates a
reactivity insertion of up to [ ]PROP/ ECl from loss of void and upto| ]PROP/
EClin [ JPROPECT from cooldown. The final kst Of the system remains below the initial
startup kesr Of the system. It is assumed the driver instantaneously returns to full output. The
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Regarding the target solution itself, uranium solids used in the target solution preparation
process are prevented from reaching the TSV by a filter in the target solution preparation system
(TSPS) process.

Water could potentially be introduced into the TSV through a leak from the PCLS, light water
pool, or from the RPCS-cooled components in TOGS. Dilution of the target solution in the TSV is
discussed in Subsection 13a2.1.2.2, Scenario 5.

Material Entering the TSV from Sources Internal to the PSB

Two potential sources of uranium solids entering the TSV and resulting in reactivity addition were
evaluated: uranyl salt crystal buildup in the TSV or TOGS components and precipitation of
uranium solids.

The first two postulated scenarios are a buildup of uranium-bearing salt crystals in the TSV (such
as a "bathtub" ring) or in TOGS components. These salt crystals could become rewetted or
otherwise dislodged and reenter the TSV. The buildup of salt crystals in the TSV is not expected
due to the high humidity of the TSV and the cold walls of the TSV. In addition, periodic inspection
of the TSV is performed which would allow for detection of salt crystal buildup.

If salt crystals did accumulate, their release could lead to an unexpected reactivity increase due
to the increase in fissile material in the target solution. To quantify reactivity effects, it is
postulated that a piece of deposited salt containing 100 grams of uranium is dislodged from the
upper TSV surfaces and falls into the target solution. The re-dissolution of the salt adds
approximately [ ]PROP/ ECI of reactivity to the system. This reactivity effect does not result
in significant consequences and does not lead to an inadvertent criticality. If additional salt pieces
were to continue to enter the TSV, they could continue to re-dissolve and lead to further
concentration increases, and power could increase in the TSV. The TRPS would dump the target
solution on high time-averaged neutron flux, terminating any reactivity increase. The TSV dump
tank is favorable geometry at any uranium concentration. No damage to the PSB occurs and
there are no radiological consequences.

The second postulated scenario is precipitation of uranium solids from the solution. Precipitation
of uranium solids due to uranyl peroxide formation is possible in aqueous reactors. In the SHINE
system, chemistry, power density, and temperature limits have been placed on the target
solution as described in Subsection 4a2.6.3. Given these limits, no significant precipitation is
expected. For transient events, precipitation has not been seen in transient operations of historic
uranyl sulfate systems. Therefore, the dump of the target solution by TRPS on high time-
averaged or wide range neutron flux occurs prior to significant precipitation developing in the
target solution.

The accumulation of small amounts of precipitation over many cycles has been considered. This
could lead to chemical effects on the TSV surface, which may have the potential to lead to a
failure of the PSB. A failure of the PSB is analyzed in Subsection 13a2.1.4.

Scenario 10 — Concentration of the TSV Target Solution

Postulated scenarios where the uranium concentration of the target solution could increase were
evaluated. One identified scenario requiring control was the TOGS pressure control failure
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Additional defense-in-depth measures are also in place to avoid a leak and detect leaks, which
include:

« control of solution pH through target solution sampling in the target solution hold tank;
» chemistry controls of PCLS to limit corrosion (see Section 5a2.5); and
» conductivity instrumentation in PCLS, which detects intrusion of target solution.

The small amount of target solution that could diffuse into the PCLS cooling water after the
pressure between the PCLS and the PSB is equalized, combined with the dilution of the leaked
material by the cooling water, minimizes the potential for criticality in the PCLS and dose to
workers or the public.

Because of the system characteristics and preventative controls in place, further analysis is not
required.

Scenario 5 — Failure in the TOGS Causes High Pressure in the TSV during Fill Mode

A failure by the TOGS to control pressure, and a resulting pressure increase during TSV filling
operations, may result in a backflow of target solution. Target solution may flow through the fill
line into the TSV fill lift tank, into the vacuum transfer system (VTS) header, and into the VTS
buffer tank. This failure potentially results in radiological exposures to workers or a criticality
accident in non-favorable-geometry components in the VTS.

The protection in place for this scenario is the configuration of the TSV fill line to prevent
significant volume of target solution from backflowing from the TSV into the VTS lift tank. The
TSV fill line connects to the TSV with an air gap. The connection is located at the approximate
elevation of the TSV overflow lines. The fill line is sloped to allow it to drain after fill operations
have occurred. Therefore, no significant volume of target solution will backflow from the TSV to
the VTS lift tank in the event of pressurization of the TSV.

Defense-in-depth measures are also present to mitigate this scenario, which include:
+ the VTS vacuum valve to lift tank closes from high liquid level in the lift tank, and

* adrain valve for the buffer tank opens and drains to radioactive liquid waste system
(RLWS) if a high level in the buffer tank is detected.

Because of the system characteristics and preventative controls in place, further analysis is not
required.

Scenario 6 — Target Solution Leakage within a Valve Pit

A pipe or valve failure in the valve pit may be caused by overpressurization due to thermal
expansion of target solution in an isolated section of piping. This pipe or valve failure results in
leakage of target solution from the system into the valve pit, which subsequently could result in:
(1) increased worker or public dose, or (2) a criticality accident in the valve pit. The protections in
place to mitigate the consequences of target solution leakage within a valve pit are: (1) drip pans
and drains to the radioactive drain system (RDS), which prevent accumulation of solution within
the valve pit and prevent criticality, and (2) valve pit shielding and confinement for fission
products that could result from leakage, reducing potential dose to workers and the public.
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The N2PS begins passively injecting nitrogen gas into the primary system boundary.
Nitrogen gas is injected in the eight SCAS systems via a connection to the dump tank.
The gas purges the primary system boundary leaving through a vent connection from the
TOGS to the process vessel vent system (PVVS) header. The gas then passes through
the PVVS carbon delay beds for removal of fission product gases before release to the
environment. The nitrogen purge system has enough capacity for three days, after which
the system is resupplied.

In addition to the above sequence of events in the IU, the following actions also occur
simultaneously:

In the event that any transfer of uranyl sulfate solution is in progress, VTS transfer
operations stop.

Nitrogen gas sweeps RPF process tank and lift tank headspaces to dilute radiolytic
hydrogen. Nitrogen from the N2PS is routed to the PVVS carbon beds for removal of
fission product gases before release to the environment. The N2PS has enough capacity
for three days, after which the system is resupplied.

The UPSS supplies essential facility loads their required runtime as provided in

Table 8a2.2-1. The 120 VAC UPSS buses automatically maintain power to essential
instrumentation and equipment, including radiation monitoring systems.

13a2.1.5.3 Accident Consequences

The accident consequences associated with a LOOP are discussed further in
Subsection 13a2.2.5.

13a2.1.6 EXTERNAL EVENTS

This section discusses external events that impact the IF. This class of accident initiators
represent natural or man-made events that occur outside the facility and have the potential to
impact facility SSCs. Scenario descriptions are provided in this section for the range of accident
initiators that were considered during the accident analysis.

13a2.1.6.1 Identification of Scenarios, Initial Conditions, and Assumptions

The following potential external events were evaluated:

Seismic event affecting the IF and RPF (see Section 3.4).

Severe weather events affecting the IF and RPF (see Section 3.2).
Transportation accidents, including small aircraft crash into the IF or RPF (see
Subsection 3.4.5), toxic gas releases (see Subsection 2.2.3), or explosions (see
Subsection 2.2.3).

External flooding affecting the IF and RPF (Subsection 2.4.2).

External fires from natural sources (see Subsection 2.2.3).

The initial conditions and assumptions associated with these external events include:

Prior to an external event occurring, the facility is assumed to be running at nominal
conditions.
Unless otherwise noted, these scenarios only consider single failure mechanisms.
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Scenario 7 — Seismic Event Causing PVVS/VTS Failure

A seismic event may cause the failure of the PVVS/VTS. The limiting postulated failure occurs
during target solution transfer from the TSV dump tank to the molybdenum extraction and
purification system (MEPS). The PVVS is assumed to fail, resulting in a loss of sweep gas in the
vacuum transfer tanks. Due to the lack of circulation, the hydrogen concentration in the vacuum
transfer tanks increases, approaching the deflagration limit. In this event, the N2PS dilutes the
hydrogen gas concentration and prevents hydrogen deflagration.

In addition, the loss of PVVS also results in the loss of the VTS, stopping the movement of target
solution. The target solution remains in the lift tanks or drains back into the TSV dump tank. The
lift tanks and the TSV dump tanks are passively-cooled and geometrically-favorable tanks.
Therefore, there are no consequences resulting from this event.

The radiological consequences of deflagrations within the primary system boundary are
discussed in Subsection 13a2.1.9.

Scenario 8 — Seismic Event Causing Crane Failure

A seismic event may cause the failure of the IF crane. A failure of a crane during a heavy lift of a
vault plug or neutron driver in the IF could result in the heavy load dropping onto the NDAS or
SCAS components. Potential consequences of the crane failing include radiological dose.

To prevent crane failure, the crane is a single failure proof design and has been seismically
qualified. Additional information on heavy load drops is provided in Subsection 13a2.1.12.

Scenario 9 — Seismic Event Causing Chemical Spill

A seismic event may cause uranium oxide powder to become airborne during target solution
preparation activities or may overturn a uranium storage rack causing multiple canisters to spill,
resulting in a worker uptake of uranium oxide.

Oxide handling operations occur within the TSPS and uranium receipt and storage system
(URSS) gloveboxes, which are seismically qualified and have installed filtered ventilation. The
quantity of uranium used in handling operations is limited and is insufficient to cause chemical
dose consequences that exceed the chemical exposure criteria in the event of a single canister
spill.

Discussion of the consequences of an overturned uranium storage rack and additional
discussion of accidents with chemical dose consequences is provided in Section 13b.3.

Severe Weather Events Affecting the IF and RPF

Scenario 10 — Tornado or High Winds Affecting the IF and RPF

The main production facility is designed to withstand credible wind and tornado loads, including
missiles, as described in Section 3.2 and Subsection 3.4.2.6, respectively.

A tornado or high wind event may cause an N2PS tube failure. Potential consequences of a
N2PS failure include damage to the components containing radioactive materials.
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that are discussed in this section are those that may result from failures in support systems or
other shared systems that could result in an adverse impact on the primary system boundary.

PVVS is connected to the eight IUs via connections to TOGS. Accidents with PVVS failure are
considered in Section 13b.2.

The functional interactions considered in this analysis are the following:

Loss of Off-Site Power

The NPSS provides electrical power to SSCs in the IF and the RPF.

Reduction of cooling

* The RPCS is the common heat sink for the independent instances of PCLS, which are
the primary cooling systems for each TSV. Each PCLS removes generated heat from its
associated TSV during normal and shutdown operations. The generated heat is
transferred to the RPCS via the PCLS heat exchangers. The RPCS is served by the
PCHS, which exhausts heat to the environment.

* RPCS additionally provides cooling for several heat exchangers in the IF and the RPF,
including:

- TOGS condenser-demisters

- TOGS recombiner condensers

- TSPS dissolution tank reflux condensers

- JPROP/EC

- PVVS condensers

- NDAS cooling cabinets

- RvVzir

- Radiological ventilation zone 2 recirculating subsystem (RVZ2r)

Loss of ventilation

* The ventilation systems (RVZ1, RVZ2) are described in Section 9a2.1.
* Loss of RVZ1 flow may result in maloperation of multiple systems in the IF and RPF, such
as the:
- TPS glovebox pressure control exhaust and the vacuum/impurity treatment
subsystem (VAC/ITS) process vents
- Radioactive liquid waste immobilization (RLWI) system shielded enclosure,
- Individual cells of the supercell,
- URSS glovebox,
- TSPS gloveboxes, or
Vent exhausts from the PCLS expansion tanks.
. Loss of RVZ2 to common areas of the IF and the RPF.
» Loss of ventilation to the primary cooling rooms.

Spatial Interactions

Spatial interactions are interactions resulting from the presence of two or more systems in
locations. Spatial interactions include a single event that could impact the operation of the
adjacent systems, or the failure of one system that may impact the operation of another system.
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Scenario 1 — Loss of Normal Ventilation to the IU or TOGS Cells

A failure of RVZ1 may be caused by failure of a blower or cooler, including loss of cooling water.
It may also be caused by a failed-shut or mispositioned damper or other equipment failure. A loss
of cooling may cause instrumentation inaccuracies or failures which may lead to TOGS
maloperation or loss of function. This can result in a potential deflagration and release of
radiological material.

The protections in place to prevent a TOGS failure due to loss of ventilation are redundant and
environmentally qualified TOGS instrumentation (e.g., low flow) that initiates a TRPS signal if
TOGS failures are detected. The TRPS signal opens redundant TSV dump valves draining target
solution to the TSV dump tank and shuts down the irradiation unit. Decay heat from the target
solution is removed by the light water pool.

Scenario 2 — Loss of Normal Ventilation to Primary Cooling Rooms

A failure of RVZ2 may be caused by failure of a blower or cooler, including loss of cooling water.
Loss of ventilation to individual primary cooling rooms may also be caused by a failed-shut or
mispositioned damper. A failure of normal ventilation may lead to increased environmental
temperatures within the primary cooling room with potential for increased instrument
inaccuracies or failure. The consequences of an RVZ2 failure leading to equipment malfunction
result in TSV overcooling causing a reactivity insertion in the TSV. Excess reactivity additions are
discussed further in Subsection 13a2.1.2.

The protections in place to prevent TSV malfunctions related to ventilation failures are redundant
low and high PCLS temperature trip that initiates a TRPS signal (separate from the control
system). The TRPS signal opens redundant TSV dump valves draining target solution to the TSV
dump tank and shuts down the irradiation unit. Decay heat from the target solution is removed by
the light water pool system (LWPS).

Based on the preventive controls the failure of normal ventilation does not have radiological
consequences, and no further analysis is required.

Loss of ventilation due to a LOOP is described in Subsection 13a2.1.5.
Loss of ventilation due to external events is described in Subsection 13a2.1.6.
Spatial Interactions

Fires

The fire hazards analysis (FHA) evaluates the fire hazards and fire protection features for each
fire area in the SHINE facility. The fire protection features in the IF rely on low combustible
loading, fire detection, manual fire-fighting capabilities, and rated fire barriers to limit the potential
for fire initiation and spread within the IF. The fire protection program and the FHA are described
in Section 9a2.3.

Potential fire scenarios in the IF have been evaluated. The principle fire hazards in the IF are:
(1) the HVPS used for the NDAS service cell, (2) hydrogen located in the TPS and within the
PSB for each IU cell, and (3) the carbon filters in the radiologically controlled area (RCA) exhaust
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described in Subsection 9b.7.2. Therefore, a heavy load drop into an in-service U cell is not
credible.

Heavy Load Drop Scenario 3 — Heavy Load Drop onto TPS Equipment

A crane mechanical failure or operator error during a lift may result in a heavy load drop onto
TPS equipment. The heavy load can damage the equipment and result in a release of
radioactive material.

SHINE has applied the applicable guidance from NUREG-0612, Control of Heavy Loads at
Nuclear Power Plants (USNRC, 1980), for control of heavy loads at the SHINE facility, as
described in Subsection 9b.7.2. Therefore, a heavy load drop onto TPS equipment is not
credible.

13a2.1.12.3 Accident Consequences

Neutron Driver Assembly System

The dose consequences of an NDAS failure are evaluated in Section 13a2.2.12.

Tritium Purification System

The dose consequences of a release of tritium from TPS Scenario 1 are described in

Section 13a2.2.12. This scenario bounds the dose consequences for the release of tritium from

TPS Scenario 3 and TPS Scenario 4.

TPS Scenario 2 and TPS Scenario 5 isare not credible; therefore, accident consequences are
not evaluated.

Heavy Load Drop

Heavy load drop scenarios are not credible; therefore, accident consequences are not evaluated.
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13a2.2  ACCIDENT ANALYSIS AND DETERMINATION OF CONSEQUENCES

This section describes the accident analysis for the limiting scenarios described in
Section 13a2.1 and provides a determination of the radiological consequences. Chemical
consequences are analyzed in Section 13b.3.

Radiological consequences are determined for members of the public and workers (i.e., control
room operators) and are provided in Table 13a3-1 and Table 13b.2-2. Radiological
consequences to control room operators are determined for the duration of a postulated event,
accounting for shift change outs, and demonstrate that SHINE Design Criterion 6 (Control room)
is met.

The analyses in this section evaluate the applicable radiological consequences of these
accidents to demonstrate that the SHINE accident dose criteria are met. The SHINE accident
dose criteria are defined as follows:

+ Radiological consequences to an individual located in the unrestricted area following the
onset of a postulated accidental release of licensed material would not exceed 506-
m1 rem total effective dose equivalent (TEDE) for the duration of the accident, and

* Radiological consequences to workers do not exceed 5 rem TEDE during the accident.

Radiological Consequence Assessment Development

The radiological consequence assessment is a multi-step process. Figure 13a2.2-1 provides a
graphical representation of the process, which is further described in this section. The process
involves: (1) calculation of radionuclide inventories, (2) definition of the accident-specific
materials-at-risk (MAR), (3) transport methods of radionuclides, (4) development of accident
source terms, and (5) determination of radiological consequences.

Radionuclide Inventories

For most accident scenarios, the MAR were derived from the target solution vessel (TSV) target
solution inventory at the end of [ ]PROP/ ECI of continuous 30-day irradiation cycles with a
[ ]PROP/ ECl downtime between cycles. The constant power level used for the analysis was
137.5 kW, which is 110 percent of design operating power. The TSV inventory calculation
includes effects from fission, transmutation, activation, and decay. The calculation contains time
steps from the start of irradiation through the end of the approximately [ ]PROP/ EClirradiation
cycle and additional time steps that account for decay post-shutdown, as needed. |

]PROP/ ECl was selected for the irradiation cycle based on the anticipated replacement period
for target solution.

Accident-Specific Materials-At-Risk_Partitioning

For accident scenarios involving the release of radionuclides produced in the target solution, a
portion of the inventory was released based on various factors unique to each scenario. The
starting inventory was selected based on the assumed start time for each scenario and was then
partitioned based on scenario specific nuclide removal mechanisms. For the source term
determination and the determination of resulting dose, the radionuclides are grouped into three
groups: iodine, noble gases, and non-volatiles. The non-volatile group encompasses the
radionuclides which do not fall into the other groups.
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For scenarios involving the release of tritium, the available MAR was determined based on the
limiting operational values for the affected systems or components.

Radionuclide Transport Methods

The transport of radioactive material for the accident analysis was quantitatively evaluated using
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control volume and tracer method.

The control volume method considers each part of the facility as a fixed volume that the material
is free to disperse into. Dispersion within these volumes is assumed to be instantaneous. Each
volume is connected by one or more junctions which allows flow in one direction at a volumetric
flow rate, either pressure-driven or constant. Counter-current flow, or flow back into the previous
control volume, is conservatively neglected. Flow from the irradiation facility (IF) to the
radioisotope production facility (RPF) or vice versa is not modeled; material present in the IF or
RPF control volumes is assumed to exit the SHINE facility to the environment without further
dilution.

The tracer method is a modeling tool that is representative of the kind of material being tracked.
Because an output of the tracer method is a fraction of material released, any material can be
used as a tracer for any other kind of material as long as the tracer’s properties (density, molar
mass, etc.) are used consistently throughout the scenario. For example, a gas may be used as a
tracer for an airborne non-volatile because the output of the analysis is normalized to the amount
of material initially released. Therefore, the physical properties of the tracer itself are not
important as long as they are applied consistently. In this calculation, iodine is used as a tracer
for iodine, krypton for noble gases. xenon for non-volatiles, nitrogen or air for nitrogen, air for air,
and tritium for tritium.

For each control volume, the amount and volume fraction of each tracer, in moles, is calculated
using the density and molar weight of each tracer and the volume of the space. Material flowing
out of the control volume is calculated as the product of the volumetric flow rate multiplied by the
volume fraction of the tracer. Flow can be due to pressure-driven flow, barometric breathing, or a
constant flow rate based on the design of the cell or glovebox.

Flow Between Control Volumes

There are three types of flow between control volumes. The first is pressure-driven Poiseuille
flow, which is calculated using the following equation:

V.. (1) = M
7 k

Where:

*  Viowis the volumetric flow rate at a given time (m3/s)
* p(t) is the pressure difference between the control volumes (Pa)
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» kis the conversion factor from pressure to volumetric flow. This represents the tightness
of the seal on the cell being pressurized (Pa-s/mg)_.

This kind of flow is used in scenarios that model the pressurization of cells due to the nitrogen
purge system (N2PS) actuation.

The second kind of flow is a prescribed leak rate. In lieu of modeling the pressure of the system,
these scenarios consider the cell as flowing at its maximum design leak rate for the duration of
the design basis accident (DBA). These prescribed leak rates are some fraction of the volume
per hour, converted into a fraction of volume per second and multiplied by the volume of the cell
to convert to m3/s.

The third kind of flow is due to barometric breathing, which is the gas flow driven by cyclical
changes in the atmospheric pressure. Barometric breathing is determined using meteorological
data from the Southern Wisconsin Regional Airport. The barometric breathing rate is converted
to a volume fraction per second which is multiplied by the volume of the cell to produce a
volumetric flow rate in m3/s. This kind of flow is considered for all cells that are not pressurized
and do not have a designed leak rate.

In some cases, more than one flow type is modeled. For example, a transient may use a
combination of pressure-driven flow and barometric breathing. This is due to the system initially
being dominated by pressure-driven flow due to a gas release, but eventually achieves a
pressure equilibrium between control volumes or between a control volume and the environment.

Deposition of lodine and Non-Volatiles

In DBA scenarios involving uranyl sulfate and leakage through the radiologically controlled area
(RCA), both iodine and non-volatile deposition surfaces are considered. \Where possible, iodine
and non-volatile absorption coefficients are calculated using the following equation:

K=v,,é
4

Where:

«  \is the absorption coefficient (s=)

+ vgis the settling velocity (m/s)

» Alis the surface area that the radionuclide cloud encounters (mg)
Vs the volume of the gas (m3)

For the IF and RPF, the area that the gas encounters is only considered to be the floor area of
the IF or RPF. Because this eliminates the surface area of the walls and ceiling of the RCA, this
is a conservative assumption. The free volume of the IF and RPF is used as the volume of the

gas.

The settling velocity is assumed to be 104 m/s, consistent with the ‘dry conditions’ velocity for
epoxy paint of 10=2 m/s. Desorption of the iodine back into the RCA or cell gas space is not
considered in this analysis.

No iodine or non-volatile adsorption is modeled once the radionuclides exit the RCA.
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Once the absorption coefficient is determined, the removal of isotopes is calculated using the
following equation:

la _ —ha(t)
dar

Where a(t) is the moles of the corresponding tracer.

Receptor Activity Fractions

A receptor activity fraction (RAF) represents the fraction of a tracer that is present in a control
volume at a specific time interval. The RAF for a control room operator at time bin j is therefore:

IRAF,,D .= _Iij_?.L
il

a

initiall

Where [Aj is the integrated activity in the control room at time bin j, Oj is an occupancy factor for
operators in the control room, and a;,;5.is the initial tracer moles released. The integrated
activity is calculated for each time bin j using one second time steps as:

t
4, ()= 27 ()
7 t=20

The integrated moles for a given time bin j, defined by the initial time j; and concluding time j, is
then calculated by the following equation:

A, = T4 — 14

The total receptor activity (RA) is then calculated by summing the products of /Aj and Oj from the
beginning of the DBA to the end of the desired time period, dividing that value by the initial moles
released for that tracer, and multiplying the resultant RAF by the activities included in the
scenario’s MAR.

The public RAF is calculated in a similar manner to the control room RAF, with the dispersion
factor (x/Q)j replaces the control room occupancy factor.

LAF IAJ%)
AL

Linitial

The RAFQLi for a given time period is calculated by summing the calculated public RAFs from the
beginning of the DBA to the end of the desired time period and multiplying the summed RAFs by
the activities in the scenario’s MAR.

For determination of RAF to the public, 95th percentile site boundary time-dependent x/Q values
are used. For the determination of RAF to the worker, 95th percentile control room time-
dependent x/Q values are used. The maximum calculated value over all directions of the

95th percentile x/Q was used for both receptor locations. The use of time-dependent x/Q values
is consistent with the methodology presented in Regulatory Guide 1.195, Methods and
Assumptions for Evaluating Radiological Consequences of Design Basis Accidents at Light-
Water Nuclear Power Reactors (USNRC, 2003a). The environmental and meteorological
conditions used to develop the atmospheric dispersion factors are discussed in Section 2.3.

Accident Source Terms
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The accident source terms for each accident scenario was-then-determined-by-the-useofare
consistent with the five-factorformulamethodology as described in Section 3.2.5.2 of
NUREG/CR-6410 (USNRC, 1998). Fhe-LPF-moedeldeseribed-abovereplacesHowever, the
combined ARFxLRPERAF term inthe-fermula-as-it-combines-both-of theseparametersdescribed

in the previous section accounts for the leak path factor, airborne release fraction, and
atmospheric dispersion factors. The cumulative ARF>LRERAF values represent the time-
dependent leakage of radionuclides. The ARExLPERAF values are calculated for the leakage
from the source volume to the building for the worker dose (46-minutesduration of the event), and

the source volume to the environment for the public dose (duration of the event).

Radiological Consequences
The radiological consequences for each accident are presented in terms of TEDE.

The methodology uses external and internal radiation sources to calculate the effective external
dose equivalent and dose equivalent for external sources and committed effective dose
equivalent and committed dose equivalent for internal sources. The TEDE and the total dose
equivalent (TDE) are measures of the total body and organ doses respectively, received from
external and internal radiation sources.

External doses are calculated for submersion in contaminated air for both the public and worker

with appropriate dose conversion factors (DCF) values for submersion for each radionuclide. |
Inhalation doses are calculated based on the respirable fractlon DCF for mhalatlon and

breathing rate. W ;
The eleee—eenver—sm—taeteFSDCF values used in the anaIyS|s are taken from JrGR-P—Flebheatren—
Federal
Gwdance Report No. 11, Limiting Values of Radlonucllde Intake and Air Concentratlon and Dose
Conversion Factors (DCF) for Inhalation, Submersion, and Ingestion (EPA, 1988), and Federal
Guidance Report No. 12, External Exposure to Radionuclides in Air, Water, and Soil (EPA,
1993).

Worker dose prierto-initial-evacuation-has-been-evaluatedImmediate-ewas generally calculated

over a 30-day interval. The scenario resulting in the release of tritium from the tritium purification
system (TPS) gloveboxes uses a 10-day release interval because it is expected that tritium
recovery can be accomplished within this time frame. Worker dose also includes the control room
occupancy factor used in the calculation of RAF. Operator action inside the facility is not required
to stabilize accident conditions.

The public dose was generally calculated over a 30-day interval at the site boundary. The
scenario resulting in the release of tritium from TPS gloveboxes uses a 10-day release interval
because it is expected that tritium recovery can be accomplished within this time frame. The-¢/Q- |
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Conservatism

Additional areas of conservatism included in the determination of radiological consequences
include:

» Conservative TSV power history and operational cycle: The TSV I:;z)ower history was
derived from nearly continuous TSV operation over a [ ]F> OP/ECI period at a
power level that exceeds the design power level by ten percent. No credit was taken for
medical isotope extraction activities that normally occur during the operation of the
SHINE facility.

+ Conservative statistical bounding of nuclide inventory: Due to inherent uncertainties in
MCNP5, multiple unique sets of results were run through ORIGEN-S to determine the
nuclide inventories. The nuclide inventories were analyzed such that a 95 percent
confident 95th percentile upper bound was determined for each nuclide. These
uncertainties on individual nuclides, 0 to 35 percent, were added to the safety basis
inventory to account for the uncertainties inherent to the methods used.

+ Conservative estimation of nuclide decay (linear interpolation in lieu of exponential
decay): Analyses which account for the decay of nuclides between time steps use linear
interpolation in lieu of exponential decay, which increases the available radionuclide
inventory at the intervening points.

+ Condensation was conservatively neglected in the ERPFradiation transport model.

Uncertainties

Uncertainty in the radionuclide inventory was evaluated using statistical modeling to account for
uncertainties associated with the use of Monte Carlo N-Particle Transport Code (MCNP)
(LANL, 2011) in the SHINE Best Estimate Neutronics Model (BENM). The modeling produced a
nuclide-dependent multiplication factor ranging from approximately 0 to 35 percent increase in
the nuclide inventory per nuclide. For the radionuclides which were increased, the average
increase was approximately 2.5 percent, and the total estimated increase in inventory was
approximately 1 percent. The unweighted uncertainty associated with the multiplication factors
was approximately 12 percent. Given that the majority of radionuclides either did not receive an
increase or received an increase less than 10 percent and that the multiplication factor only
increased the inventory this uncertainty is considered to be negligible.

The DCFs used in the analysis are well-recognized and are used without consideration of
uncertainty in the values.
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Uncertalnt){l in the %/Q calculation was estimated by calculating the mean and standard deviation
of the 950t percentile values for the 16 sectors. The result of the estimation is + 25 percent.
However, SHINE conservatively uses the value for the highest sector.

Use of Computer Codes

The PAVAN computer code was used to calculate the short-term atmospheric dispersion (¢/Q)
factors for an effluent release to the public. PAVAN is described in NUREG/CR-2858, PAVAN:
An Atmospheric-Dispersion Program for Evaluating Design-Basis Accidental Releases of
Radioactive Materials from Nuclear Power Stations (USNRC, 1982). The code was used as
prescribed in Regulatory Guide 1.145, Revision 1, Atmospheric Dispersion Models for Potential
Accident Consequence Assessments at Nuclear Power Plants (USNRC, 1983). No additional
validation was performed for the PAVAN code.

Ne—addmenal—vahdahen—was—pe#epmed—The ARCON96 computer code was used to calculate the

short-term atmospheric dispersion (x/Q) factors for an effluent release to the control room.
ARCON96 is described in NUREG/CR-6331, Revision 1, Atmospheric Relative Concentrations in
Building Wakes (USNRC, 1997). The code was used as prescribed in Requlatory Guide 1.194,
Atmospheric Relative Concentrations for Control Room Radiological Habitability Assessments at
Nuclear Power Plants (USNRC, 2003b). No additional validation was performed for the
ARCON96 code.

The radionuclides included in the target solution inventory are determined using ORIGEN-S
(ORNL, 2011) with input from the SHINE BENM which provided the neutron flux and cross-
sections for the data library used by ORIGEN-S. ORIGEN-S has been extensively validated for
use in calculating burnup in a variety of applications. No additional validation for ORIGEN-S was
performed. Additional discussion of the use of ORIGEN-S is provided in Section 4a2.6.

13a2.2.1 H=MAXIMUM HYPOTHETICAL ACCIDENT
FAs described in Subsection 13a2.1.1, the postulated maximum hypothetical accident (MHA) for

the iradiatienrSHINE facility H=)-is a failure of the TSV off-gas system (TOGS) pressure
boundary teading-teresulting in a release of FSV-radicactive-off-gases into the TOGS

#semn—p#edeets—frem—the—l-FA detailed descrlptlon of thls scenario and an evaluation of the

radiological consequences is provided in Subsection 13a2.2.7.

SHINE Medical Technologies 13a2.2-9 Rev. 4




Chapter 13 — Accident Analysis Accident Analysis and Determination of Consequences

13a2.2.1.1 nitial Conditions
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13a2.2.1.2 HritiatingEvent
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13a2.2.2 INSERTION OF EXCESS REACTIVITY

As discussed in Subsection 13a2.1.2.3, no releases are expected to occur as a result of insertion
of excess reactivity events. There are no consequences to the workers or the public from excess
reactivity events as discussed below. Accident consequences resulting from excess reactivity
events that reference other subsections are evaluated in those respective subsections.

13a2.2.2.1 Initial Conditions
Initial conditions for insertion of excess reactivity events are described in Subsection 13a2.1.2.1.
13a2.2.2.2 Initiating Event

Subsection 13a2.1.2 identifies the postulated initiating events and scenarios with respect to an
insertion of excess reactivity.

The subcritical assembly is protected from excessive power with actuation signals from the
TRPS on high flux in Mode 1 and Mode 2. When a power excursion occurs, the strong negative
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Because the postulated reduction in cooling events do not exceed any design limits or cause
damage to the PSB, there is no radiation source term.

13a2.2.3.6 Radiological Consequences

Because the postulated reduction in cooling events do not exceed any design limits or cause
damage to the PSB, there are no radiological consequences to workers or the public from a
reduction in cooling event.

13a2.2.4 MISHANDLING OR MALFUNCTION OF TARGET SOLUTION

The bounding scenario analyzed as a desigr-basis-aeeidert{DBA} for mishandling or
malfunction of target solution is a loss of the PSB integrity which results in a release of target
solution into the U cell. This scenario is described in Subsection 13a2.1.4.2 as Scenario 1b.

13a2.2.4.1 Initial Conditions

The TSV is operating at 110 percent of its design power limit at the time of the initiating event.
Additional initial accident conditions are described in Subsection 13a2.1.4.1.

13a2.2.4.2 Initiating Event

The accident sequence is initiated by a catastrophic loss of PSB integrity. Potential causes of the
initiating event are discussed in Subsection 13a2.1.4.1.

13a2.24.3 Sequence of Events

It is assumed that the primary confinement boundary is intact and performs a mitigation function
with respect to radionuclide transport from the 1U cell to the IF. The primary confinement
boundary components are designed to maintain their integrity under postulated accident
conditions and are maintained in accordance with the facility configuration management and
maintenance requirements.

1. Afailure of the PSB leads to mixing of irradiated target solution with the IU cell light water
pool.

2. Radioactive material enters the gas space above the light water pool and is confined by
the primary confinement boundary, which is described in Section 6a2.2.

3. Some radioactive material is transported into the IF through minor leakage paths around
penetrations in the confinement boundary.

4. Detection of airborne radiation in RVZ1e actuates the primary confinement boundary
isolation valves and an IU trip within 20 seconds of detection. A sufficient time delay is
provided by the holdup volume in RVZ1e to prevent radioactive gases from exiting
through RVZ1e prior to isolation.

5. The radioactive material is then dispersed throughout the IF and exits the facility to the
environment through building penetrations.

6. Detection of high radiation in the RCA actuates ventilation dampers between the RCA
and the environment and minimizes the transport of radioactive material to the
environment.

7. Personal dosimeters, local radiation alarms, and alarms in the facility control room notify
facility personnel of radiation leakage.
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8. Facility personnel evacuate the immediate area upon actuation of the radiation alarms.

No operator actions are taken or required to reach a stabilized condition or to mitigate dose
consequences.

Following the failure of the PSB, it is assumed that the MAR is instantly well-mixed with the light
water pool. Gases immediately evolve out of the pool and into the IU cell gas space. For the
purposes of the accident analysis, it is assumed that the N2PS is operating and causes
pressurization of the 1U cell. Radiation transport is driven by pressure-driven flow between the 1U
cell and the IF. Reduction in the MAR occurs during the release due to adsorption of iodine onto
the 1U cell walls and other surfaces until equilibrium conditions are established. The majority of
the MAR is transported to the IF through leakage through the primary confinement boundary.
Transport to the environment occurs through leakage around penetrations in the RCA boundary.

Safety Controls

The safety controls credited for mitigation of the dose consequences for this accident are:

* Primary confinement boundary

* Ventilation radiation monitors

* Ventilation isolation mechanisms
* Holdup volume in the RVZ1e

13a2.24.4 Damage to Equipment

Chemical and radiological contamination may occur to systems within the 1U cell. The
contamination does not affect the safety function of the affected systems.

Following isolation of the primary confinement boundary, leakage between the U cell and the IF
is driven primarily by pressure-driven flow caused by N2PS. The IU cell sealing is a significant
contributor to the function of the primary confinement boundary and will maintain its function
under accident conditions.

The light water pool is required to act as a passive heat sink to remove decay heat from the
irradiated target solution. The light water pool is constructed with a stainless steel liner
surrounded by concrete and maintains the light water pool water inventory and will not be
affected by the release of target solution.

13a2.2.4.5 Radiation Source Terms

The initial MAR for this scenario is the TSV target solution inventory at the end of approximately
[ ]PROP/ EC! of continuous 30-day irradiation cycles with a [ ]PROP/ EC! downtime
between cycles. The power level used for the analysis is 137.5 kW, which is 110 percent of
design operating power. The entire radionuclide inventory in the TSV is instantaneously released
to the light water pool and dispersed uniformly throughout the pool.

The accident source term development is discussed in Section 13a2.2. The ERERAF model
values used in the source term development for the public and worker doses are provided in
Table 13a2.2-1 and Table 13a2.2-2, respectively.
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13a2.2.6.4 Damage to Equipment

Failure of the NDAS vacuum boundary does not cause subsequent damage to equipment. While
the NDAS vacuum boundary integrity is not seismically qualified to maintain integrity, the NDAS
is designed to maintain structural integrity during and following a design basis earthquake.

After the initial IU cell pressurization has reached equilibrium, leakage between the U cells and
the IF is driven primarily by barometric breathing. The leakage between the cells and the IF is not
impacted by the accident sequence.

13a2.2.6.5 Radiation Source Terms

]PROP/ECI

The initial MAR for this scenario is a total of | of tritium from all of the

neutron driver assemblies.

The accident source term development is discussed in Section 13a2.2. The ERERAF model
values used in the source term development for the public and worker doses are provided in
Table 13a2.2-1 and Table 13a2.2-2, respectively.

13a2.2.6.6 Radiological Consequences

The radiological consequences of this accident scenario are determined as described in
Section 13a2.2. The results of the determination are provided in Table 13a3-1 and meet the
accident dose criteria.

13a2.2.7 MISHANDLING OR MALFUNCTION OF EQUIPMENT

The bounding scenario analyzed for mishandling or malfunction of equipment events is a loss of
the PSB integrity which results in a release of off-gas into the TOGS cell. This scenario is
described in Subsection 13a2.1.7.2 as Scenario 1.

13a2.2.7.1 Initial Conditions
Initial accident conditions are described in Subsection 13a2.1.7.1.
13a2.2.7.2 Initiating Event

The accident sequence is initiated by a failure of the PSB in the TOGS within the TOGS cell. The
cause of the initiating event is discussed in Subsection 13a2.1.7.

13a2.2.7.3 Sequence of Events
The accident sequence proceeds as follows:

1. Afailure of the PSB in the TOGS causes a release of noble gases and iodine into the
TOGS cell.

2. The radioactive material is confined by the primary confinement boundary, which is
described in Section 6a2.2.

3. Some radioactive material is transported into the IF through penetrations in the
confinement boundary.
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Following isolation of the primary confinement boundary, leakage between the TOGS cell and
the IF is driven primarily by pressure-driven flow caused by the N2PS. The leakage paths
between the cell and the IF are not impacted by the accident sequence. The TOGS cell seals are
a significant contributor to the function of the primary confinement boundary and maintains its
function under accident conditions.

13a2.2.7.5 Radiation Source Terms

The initial MAR for this scenario is a fraction of the TSV target solution inventory described in
Section 13a2.2. The initial MAR for this accident sequence is 100 percent of the noble gases and
iodine present in the TOGS gas space while it is operating. Non-volatiles are not included in this
accident sequence because the system is designed as a gas-handling system.

The ERERAF model values used in the source term development for the public and worker doses
are provided in Table 13a2.2-1 and Table 13a2.2-2, respectively.

13a2.2.7.6 Radiological Consequences

The radiological consequences of this accident scenario are determined as described in
Section 13a2.2. The results of the determination are shown in Table 13a3-1 and meet the
accident dose criteria.

13a2.2.8 LARGE UNDAMPED POWER OSCILLATION

As described in Subsection 13a2.1.8, power oscillations that occur in the subcritical assembly
are self-limiting as a result of the inherent design and safety characteristics of the subcritical
assembly, operating parameters, and plant response to transients. TRPS setpoints for high wide
range and high time-averaged neutron flux are set to actuate on high neutron flux before a large
power oscillation occurs that challenges design limits. The IU Cell Safety Actuation results in the
TSV dump valves opening and target solution draining from the TSV to the TSV dump tank.
Thus, there are no consequences to workers or the public.

13a2.2.8.1 Initial Conditions
Initial accident conditions are described in Subsection 13a2.1.8.1.
13a2.2.8.2 Initiating Event
Potential causes of power oscillations in the TSV are described in Subsection 13a2.1.8.1.
13a2.2.8.3 Sequence of Events
The accident sequence proceeds as follows:
1. An oscillation in power occurs as a result of one of the potential causes described in
Subsection 13a2.1.8.1.
2. TSV reactivity oscillates due to the power oscillation but does not become undamped due
to inherent design and safety characteristics of the TSV and operating parameters.

3. TRPS high neutron flux limits cause the U to shutdown before a power oscillation
challenges design limits.

SHINE Medical Technologies 13a2.2-22 Rev. 4



Chapter 13 — Accident Analysis Accident Analysis and Determination of Consequences

« Administrative controls on maintenance and use of combustible materials
» Catchment pans for the high voltage power supplies

Exothermic Chemical Reaction

Exothermic chemical reaction scenarios are described in Subsection 13a2.1.10.

Internal Flooding

Postulated internal flooding scenarios in the IF do not result in radiological consequences, as
described in Subsection 13a2.1.11.

Dynamic Effects

Dynamic effects are not present at the main production facility, as described in
Subsection 13a2.1.11.

Human Intervention Interactions

As described in Subsection 13a2.1.11, human intervention interactions as accident scenario
initiating events are described in other sections in this chapter as applicable.

13a2.2.11.4 Damage to Equipment

No damage to equipment occurs due to system interaction events since the TRPS initiates an 1U
Cell Safety Actuation or IU Cell Nitrogen Purge as needed prior to exceeding any design limits.

13a2.2.11.5 Radiation Source Terms

Because the postulated system interactions do not exceed any design limits or cause damage to
the PSB, there is no radiation source term.

13a2.2.11.6 Radiological Consequences

Because the postulated system interactions do not exceed any design limits or cause damage to
the PSB, there are no radiological consequences to workers or the public. Accident
consequences resulting from system interactions that are referenced to other subsections in
Chapter 13 are evaluated in those subsections.

13a2.2.12 FACILITY-SPECIFIC EVENTS

The maijority of the evaluated facility-specific events do not have radiological consequences. The
events which do have radiological consequences are related to the release of tritium into the
facility from the neutron driver assemblies or from the tritivrm-purification-systemTPS. Three
potential locations for the release of tritium were analyzed to determine the dose consequences
and necessary controls. The results of the analysis are presented in this subsection.
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Safety Controls

The safety controls credited for mitigation of the dose consequences for this accident are:

* Primary confinement boundary (U cell plugs and seals)

* TPS Train Isolation on high TPS target chamber supply pressure or high TPS target
chamber exhaust pressure

* IU cell ventilation isolations

* Holdup volume in the RVZ1e

13a2.2.12.14 Damage to Equipment

Failure of the NDAS vacuum boundary does not cause subsequent damage to equipment.

After the initial IU cell pressurization has reached equilibrium, leakage between the IU cells and
the IF is driven primarily by barometric breathing. The leakage paths between the cells and the IF
are not impacted by the accident sequence.

13a2.2.12.1.5 Radiation Source Terms

The initial MAR for this scenario is [ JPROP/ECI of tritium from the neutron driver
assembly in the U cell.

The accident source term development is discussed in Section 13a2.2. The EPFRAF model
values used in the source term development for the public and worker doses are provided in
Table 13a2.2-1 and Table 13a2.2-2, respectively.

13a2.2.12.1.6 Radiological Consequences

The radiological consequences of this accident scenario are determined as described in
Section 13a2.2.

The radiological consequences of this accident scenario are provided in Table 13a3-1 and meet
the accident dose criteria.

13a2.2.12.2 Tritium Release into the Tritium Purification System Glove-Bbox

A release of the tritium inventory from the TPS is analyzed as a DBA. This accident is described
in Subsection 13a2.1.12.3 as TPS Scenario 1. This analysis establishes bounding radiological
conditions for a release of tritium due to a TPS process deflagration, release of tritium to the
facility stack, and release of tritium from the tritium storage bed.

13a2.2.12.21 Initial Conditions

Initial conditions for facility-specific events are described in Subsection 13a2.1.12.1.

13a2.2.12.2.2 Initiating Event

An event causes a break in the tritium piping and vessels such that the uncontrolled release of
the entire tritium in-process inventory occurs within the tritium confinement boundary. The tritium
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confinement boundary is described in detail in Section 6a2.2. Potential causes of the initiating
event are discussed in Subsection 13a2.1.12.3.

13a2.2.12.2.3 Sequence of Events

It is assumed that the tritium confinement boundary is intact and performs a mitigation function
with respect to radionuclide transport from the TPS to the IF. The tritium confinement boundary
components are designed to maintain their integrity under postulated accident conditions and are
maintained in accordance with the facility configuration management and maintenance
programs.

1. The initiating event is a seismic event that causes a break in the-tritium-pipirgand-
vessels-whichtwo TPS frains and instantaneously releases the entire-tritium inventory of
the-TRPS-system-into atheir respective TPS gloveboxes.

2. For the first 20 seconds, tritium escapes from each of the gloveboxes to the IF through
the glovebox pressure control exhaust process vent to RVZ1.

3. The glovebox ventilation shuts down after 20 seconds due to the glovebox tritium
monitors.

4. During the 30 seconds after the initiating event, the TPS room vents to the IF at an
elevated rate due to the facility RVZ2 ventilation system.

5. The RVZ2 ventilation damper from the TPS room isolates after 30 seconds due to the
glovebox tritium monitors.

6. The radioactive material is then dispersed throughout the IF and exits the facility to the
environment through building penetrations.

7. Personal dosimeters, local radiation alarms, and alarms in the facility control room notify
facility personnel of radiation leakage.

8. Facility personnel evacuate the immediate area within 10 minutes upon actuation of the
radiation area monitor alarms.

Throughout the accident sequence, the leakage rate between theeach TPS glovebox and the
TPS room is constant. After the TPS room ventilation is isolated, radiation transport is driven by
air exchange between theeach TPS glovebox and the IF. Transport to the environment occurs
through RCA boundary leak paths. The accident duration used in this analysis is 10 days, after
which it is assumed that recovery actions will have occurred to stop further release and
dispersion of radioactive material.

Safety Controls

The safety controls credited for mitigation of this accident are:

* TPS room ventilation isolations

* Glovebox pressure control and VAC/ITS ventilation isolations
* TPS glovebox tritium radiation monitors

* Tritium confinement boundary, as described in Section 6a2.2

In addition, TPS glovebox deflagration is prevented by:

* TPS glovebox gas space inerted with helium
* TSP glovebox minimum volume prevents deflagration conditions
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13a2.2.12.24 Damage to Equipment
Failure of the TPS piping and vessels does not cause subsequent damage to other equipment.
13a2.2.12.2.5 Radiation Source Terms

The initial MAR for this scenario is 3200,000 curies of tritium from the TPS equipment in the TPS
glovebox.

The accident source term development is discussed in Section 13a2.2. The EPERAF model
values used in the source term development for the public and worker doses are provided in
Table 13a2.2-1 and Table 13a2.2-2, respectively.

13a2.2.12.2.6 Radiological Consequences
The radiological consequences of this accident scenario are determined as described in

Section 13a2.2. The radiological consequences of this accident scenario are provided in
Table 13a3-1 and meet the accident dose criteria.
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Table 13a2.2-1 — Summary of Radiation Transport Terms (Public)

ARF>«LREReceptor Activity Fraction (RAF)

Nobles lodine Non-volatiles Tritium Tritium
Accident Category (30-day) (30-day) (30-day) (10-day) (30-day)
Mishandling or Malfunction of Target Solution 9-981.30E- 4:227.64E- 8-391.16E- N/A N/A
(Subsection 13a2.2.4) 043 045 0%9
External Events (Subsection 13a2.2.6) N/A N/A N/A N/A éojr'TO?E'
Mishandling or Malfunction of Equipment 9-981.41E- 5-+423.69E- 0 N/A N/A
(Subsection 13a2.2.7) 043 044
Facility-Specific Events (Subsection 13a2.2.12)
» Tritium Release into an 1U Cell N/A N/A N/A N/A 3-664.07E-
044
» Tritium Release into the Tritium Purification N/A N/A N/A 1.78E-044 N/A
System Glovebox
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Table 13a2.2-2 — Summary of Radiation Transport Terms (Worker)

ARF>-LRPE-(10-minute}Receptor Activity Fraction (RAF)

(30 days)
Accident Category Nobles lodine Non-volatiles Tritium
. . . , : 9.697.45E-

Mishandling or Malfunction of Target Solution (Subsection 13a2.2.4) 8.2455E-031 6.4-83E-052 1407 N/A
External Events (Subsection 13a2.2.6) N/A N/A N/A 4-42.87E-01
Mishandling or Malfunction of Equipment (Subsection 13a2.2.7) ' O%E_ ' O%E_ 0 N/A
Facility-Specific Events (Subsection 13a2.2.12)

* Tritium Release into an IU Cell N/A N/A N/A 442.87E-01

« Tritium Release into the Tritium Purification System Glovebox 1.08-03E-041

N/A N/A N/A 10 days)
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Figure 13a2.2-1 — Radiological Consequence Assessment
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13a3 SUMMARY AND CONCLUSIONS

This section presents the summary and conclusions for the accident analysis for the irradiation
facility (IF).

The following accident categories were addressed for the irradiation facility:

* Maximum hypothetical accident (MHA)

* Insertion of excess reactivity

* Reduction in cooling

* Mishandling or malfunction of target solution

* Loss of off-site power

* External events

* Mishandling or malfunction of equipment

* Large undamped power oscillations

+ Detonation and deflagration affecting the primary system boundary
* Unintended exothermic chemical reactions other than detonation
» System interaction events

» Facility-specific events

The dose consequences of the bounding accident scenarios evaluated for each accident
category are provided in Table 13a3-1.

The analyses in this section evaluated the applicable radiological consequences of these
accidents and demonstrated that an individual located in the unrestricted area following the onset
of a postulated accidental release of licensed material would not receive a radiation dose in
excess of 566-m1 rem total effective dose equivalent (TEDE) for the duration of the accident.

Radiological consequences to workers were also evaluated and shown to not exceed 5 rem
TEDE during the accident.

SHINE has established the MHA based on the maximum consequence to the public. The MHA
itself is not a DBA; however, it is used as a metric for understanding radiological risk from the
facility.
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Table 13a3-1 — Irradiation Facility Accident Dose Consequences

Public Worker

Dose Dose

TEDE TEDE
Accident Category (Bounding Scenario) (mrem) (mrem)
Lo —ailrediaseraslete A Bleslkage 255 4889

Insertion of Excess Reactivity (Subsection 13a2.2.2)

No consequences

Reduction in Cooling (Subsection 13a2.2.3)

No consequences

Mishandling or Malfunction of Target Solution (Subsection 13a2.2.4)

* Primary system boundary leak into an U cell

68372 44806555

Loss of Off-Site Power (LOOP) (Subsection 13a2.2.5)

No consequences

External Events (Subsection 13a2.2.6)

406292 4930588

Mishandling or Malfunction of Equipment (Subsection 13a2.2.7)

234727 47601940

Large Undamped Power Oscillations (Subsection 13a2.2.8)

No consequences

Detonation and Deflagration affecting the Primary System Boundary
(Subsection 13a2.2.9)

No consequences

Unintended Exothermic Chemical Reactions other than Detonation
(Subsection 13a2.2.10)

No consequences

System Interaction Events (Subsection 13a2.2.11)

No consequences

Facility-Specific Events (Subsection 13a2.2.12)

« Tritium Release into an U Cell 437 61674
. 'El:gt)l(um Release into the Tritium Purification System Glove 482798 2521380
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The PVVS handles the off-gas resulting from the processes of the IF and the RPF. The PVVS is
classified as a radiochemical operation and poses a radiological hazard. This process contains
radionuclides removed from the off-gas.

The FCRS stores and supplies reagents to the processes of the RPF. The FCRS is classified as
an operation with hazardous chemicals and poses a chemical hazard. The system contains no
SNM or radionuclides.

13b.1.2 ACCIDENT INITIATING EVENTS

The design basis accidents (DBAs) identified in this section are initiating events (IEs) followed by
credible accident scenarios that range from anticipated events, such as a loss of electrical power,
to events that, while still credible, are considered unlikely to occur during the lifetime of the

facility. The maximum hypothetical accident (MHA) is araccident-scenaricalso defined to result

DBAs were identified using the following sources of information:

+ IEs and accidents identified in the Interim Staff Guidance Augmenting NUREG-1537
(USNRC, 2012)

* Hazard and operability (HAZOP) studies, failure modes and effects analyses (FMEA),
and the PHA methods

» Experience of the hazard analysis team

The DBA identification process resulted in a series of accident sequences that were then
categorized into the following accident types:

+ MHA

+ External Events

+ Critical Equipment Malfunction (i.e., Malfunction or Mishandling of Equipment)
* Inadvertent Nuclear Criticality in the RPF

* RPF Fire

* Hazardous Chemical Accidents

The effects of a loss of off-site power (LOOP) and operator errors were considered as initiating
events within the scope of the PHA and were not classified as separate accident types.
Qualitative evaluations are performed on the DBAs to further identify the bounding or limiting
accidents and scenarios, including the partial loss of systems or functions that could result in the
highest potential consequences. These evaluations are based on a review of identification of
causes, the initial conditions, and assumptions for each accident.

Using the range of accident scenarios identified, each scenario was qualitatively evaluated for its
potential chemical or radiological consequences. Scenarios that presented potential
consequences above the appropriate evaluation guidelines for worker or public exposure were
then subject to control selection. Appropriate preventative or mitigative controls were identified to
reduce the overall risk of the evaluated scenarios to within acceptable limits. For accident
sequences that are not prevented and have mitigative controls applied, the radiological or
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chemical consequences were quantitatively evaluated to demonstrate the effectiveness of the
selected controls. The radiological consequences of accidents that were selected for additional
evaluation are further evaluated in Section 13b.2. The accident analysis for chemical exposures
is provided in Section 13b.3.

13b.1.2.1 Maximum Hypothetical Accident-in-the-RRPE

seenaro-is-deseribed-furtherin-Subsection43b-24for the SHINE facility is identified in
Subsection 13a2.1.1.

13b.1.2.2 External Events

The external initiating events for the RPF that were evaluated include seismic events, tornados
or high winds, small aircraft impacts, flooding, fires, and chemical releases. The SHINE main
production facility is designed to withstand credible external events, as described in

Subsection 13a2.1.6. External events were considered as potential IEs for a number of accident
scenarios that fall within the other accident categories. The design basis seismic event results in
potential chemical consequences, as described below and in Section 13b.3.

A design basis flooding event could result in potential flooding of internal vaults, trenches, and
pits, as well as the URSS and TSPS rooms. Flooding of the areas that contain fissile material
reduces the margin to criticality and challenges the double-contingency principle. Water intrusion
into these areas is minimized by sealed covers for the below-grade locations and by elevated
room floors for the URSS and TSPS rooms. The local maximum probable precipitation event
resulting in a 100-year flood will not exceed the first-floor entrance elevations, providing
additional margin.

External event scenarios are further described in Subsection 13b.2.3.
13b.1.2.3 RPF Critical Equipment Malfunction

Critical equipment malfunctions in the RPF were evaluated as part of the accident analysis.
Multiple scenarios were identified as having potential radiological consequences and were
selected for additional evaluation. The identified scenarios are described below. For each
scenario, the controls that act to reduce the likelihood or consequences of the accident are listed.
For scenarios that require mitigative controls, the radiological consequence assessments for
limiting exposures are presented in Subsection 13b.2.4.
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13b.2 ANALYSES OF ACCIDENTS WITH RADIOLOGICAL CONSEQUENCES

Several design basis accidents described in Section 13b.1 result in a release of radioactive
materials into or outside the controlled areas of the facility.

The analyses in this section evaluate the applicable radiological consequences of these
accidents to demonstrate than an individual located in the unrestricted area following the onset of
a postulated accidental release of licensed material would not receive a radiation dose in excess
of 566-m1 rem total effective dose equivalent (TEDE) for the duration of the accident.

Radiological consequences to workers are also evaluated and are shown to not exceed 5 rem
TEDE during the accident.

13b.2.1 MAXIMUM HYPOTHETICAL ACCIDENTAN-TFHE-RPE

FAs described in Subsection 13a2.1.1, the postulated maximum hypothetical accident (MHA)

irfor the Fael+e+setepe—preelﬂet|enSHlNE faC|I|ty éR—P—I;)—ls a me—m—a—eanen—gJ&a%el—bed—M%h—

ﬁ;&s—érset*ssed—m—%&bse%%b—}é—zfallure of the tarqet solutlon vessel (TSV) off-gas svstem
(TOGS) pressure boundary resulting in a release of off-gas into the TOGS cell. A detailed
description of this scenario and an evaluation of the radiological consequences is provided in
Subsection 13a2.2.12.2.
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13b.2.2 LOSS OF ELECTRICAL POWER

Loss of off-site power (LOOP) was evaluated in the accident analysis as an initiating event for a
number of critical equipment malfunction scenarios. A facility-wide LOOP results in automatic
actuation of multiple facility engineered safety features, which act to ensure the risk associated
with radiological or chemical releases is reduced to within acceptable limits. The facility-wide
LOOP does not result in system or component failures within the RPF that result in unacceptable
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Table 13b.2-1 — Radiation Transport Factors
(Sheet 1 of 2)

LREMedel
Accident Scenario Radionuclide Group ARF>—ERF)Receptor
Activity Fraction (RAF)

8-421.00E-043 Public

Nobles 1.86.560E-021 Worker

+401.49E-036 Public

Spill of Target Solution in the Supercell lodine 4 201 40E-03 Worker

3-461.38E-057 Public

Non-Volatile 3.579.40E-065 Worker

8-421.04E-043 Public

Nobles 4.806.96E-021 Worker

+4061.88E-036 Public

Spill of Eluate Solution in the Supercell lodine 4 201 77E-03 Worker

3-461.52E-057 Public

Non-Volatile 3.571.06E-064 Worker

Nobles 1.273E-044 Public
3-857.71E-032 Worker
Spill of Target Solution in the RPF Pipe lodine 4:202.49E-027 Public
Trench 3+#2.26E-034 Worker
Non-Volatile 3-851.11E-068 Public
9.226.71E-406 Worker
Nobles 2-081.36E-044 Public
9.348.24E-032 Worker

, : . 1.661E-028 Public
Spill of Target Solution from a Tank lodine 2.981.51E-035 Worker
Non-Volatile 5441.18E-068 Public

2207.18E-069 Worker
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Table 13b.2-1 — Radiation Transport Factors
(Sheet 2 of 2)

LRF-Medel
Accident Scenario Radionuclide Group ARF>—ERF)Receptor

Activity Fraction (RAF)

4-:05.66E-03 Public

AlNobles

6.69E+00 Worker
, . : 5.66E-03 Public
Spill of Waste Solution in RLWI lodine 6.69E+00 Worker
Non-Volatile 1.13E-06 Public

1.34E-03 Worker

4-0(5.66E-03 Public-
PVVS Carbon Guard Bed Fire lodine Sk
6.70E+00 Worker

4-81.50E-024 {Public-
PVVS Carbon Delay Bed Fire Nobles Only)
1.63E-01 Worker
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Table 13b.2-2 — Radioisotope Production Facility Accident Dose Consequences

Public Dose Worker Dose
TEDE TEDE
Accident Scenario (mrem) (mrem)
Mad ¥ hotical Accl 403 N
Spill of Target Solution in the Supercell 742 3476
Spill of Eluate Solution in the Supercell 4488 40122
Spill of Target Solution in the RPF Pipe Trench 422 47640
Spill of Target Solution from a Tank 524 39842
Spill of Waste Solution in RLWI 43557 8641880
. Rla-
PVVS Carbon Delay Bed Fire 39532 40
SORGELEERSES
Rla-
PVVS Carbon Guard Bed Fire 84546 SohsegeRses
0
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13b.3 ANALYSES OF ACCIDENTS WITH HAZARDOUS CHEMICALS

SHINE has evaluated the potential hazards of chemicals within the main production facility.
These include chemicals that are licensed materials or have licensed materials as precursor
compounds, or substances that physically or chemically interact with licensed materials and that
are toxic, explosive, flammable, corrosive, or reactive to the extent that they endanger life or
health. These include substances that are comingled with licensed material or are produced by a
reaction with licensed material. These do not include substances prior to process addition to
licensed materials or after process separation from licensed materials. The analysis is therefore
bounding for all hazardous chemicals produced from or comingled with licensed materials.

The hazardous chemical consequence assessment is performed to demonstrate that potential
consequences meet the SHINE Safety Criteria, as defined in Section 3.1, for the public and
workers (i.e., a radiologically controlled area [RCA] worker and a control room operator). The
inventory of in-process hazardous chemicals used at the SHINE facility, compiled by process
location and quantity, is provided in Table 13b.3-1.

Chemical Process Descriptions

The chemical processes used in the SHINE facility are described in Sections 4b.3, 4b.4, 9a2.2,
and 9b.7.

Chemical Accidents Description and Source Term Determination
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consequencesbeing-exeeeded—For each of the hazardous chemicals identified in

Table 13b.3-1, a release scenario is postulated. Each postulated scenario defines the material at
risk (MAR) as the largest quantity present in a single vessel or process location. The MAR may
therefore be less than the maximum quantities identified in Table 13b.3-1 (e.q., the total waste
stream may be subdivided into multiple tanks). The chemical source term is then evaluated using
the following methodology.

The formula for determining the source term (ST), the amount of hazardous material made
airborne and respirable, of each chemical release is given by the following formula:

ET = MARXARF X KEF'X DR X LPF)

Where:

« MAR is the material at risk, the guantity of material potentially affected;

» ARF is the airborne release fraction;

« REF.is the respiratory fraction;

« DR s the damage ratio. the portion of the MAR affected by the release scenario
(conservatively assumed to be 1.0 for all scenarios); and

« LPF is the leak path factor, the proportion of airborne material that leaks out of a building
or enclosure. A leak path factor of 0.1 is applied for scenarios that occur in confinements
(i.e., supercell, gloveboxes, subgrade vaults) to model the confinement barrier for the spill
locations. This represents a 10 percent vol/hr leak rate from confinements. This
conservatively bounds leak rates determined through more detailed analyses in the
radiological dose analyses for these confinements.

Estimation of the source term falls into two cateqgories:

1) Non-volatile chemicals (e.qg., solids, liquids with low vapor pressures), and
2) Volatile chemicals (i.e.. liquids with vapor pressures in excess of 10 Torr at 100°F).

For non-volatile chemicals, the MAR is taken to be the largest quantity of the chemical present in
a single vessel or process location. Values for the ARF and RF are taken from the quidance in
NUREG/CR-6410, Nuclear Fuel Cycle Facility Accident Analysis Handbook (USNRC, 1998).

For volatile liquids, the MAR x ARF x RF product is replaced by the total mass released as
calculated by the ALOHA (Areal Locations of Hazardous Atmospheres) computer code,
Version 5.4.7.

To account for uncertainty in the MAR quantities, a multiplier of 1.2 is applied to the calculated
source term.

The MAR and source terms for each chemical release scenario are presented in Table 13b.3-2.

Chemical Accident Consequences

A hazardous chemical consequence assessment was performed to demonstrate that potential
consequences are within acceptable limits. This assessment determines if the release of
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hazardous chemicals from the SHINE facility could lead to exceeding the Protective Action

~ PAC values. The-inventerrotchemicaleveadatthe SHIMNEfacllibic oresentedin-
Fesle 2B 2

A consequence analysis for the public and nearest residence was performed using the ALOHA-

{Arealocations-of- Hazardous-Atmespheres)PAVAN (An Atmospheric Dispersion Program for

Evaluating Design-Basis Accidental Releases of Radioactive Materials from Nuclear Power

tatlons) computer code (USD@GNRC 2—9—1%1982) The mateﬁet—at—ﬂek—éMAR-)-pFeseﬂt—feFeaeh-

assemed%—bﬁeteasedﬂas—amek—ef—a—seﬁnmeeveﬂtchemlcal exposure to the DUblIC and
nearest residence is then calculated using the 95th percentile atmospheric dispersion factors (y/
Q) calculated using the PAVAN computer code.

To model the chemlcal exposure to the faeility-workers, the evaperaﬂeﬂ—rates—feehqwds—er—

valges-source term is used to determine the amount of each chemical released into the facility

atmosphere. For the RCA worker, the total source term released into the facility is assumed to be
well mixed within the building free volume (i.e., irradiation facility [IF] or radioisotope production
facility [RPF]) to determine a chemical concentration. For the control room operator, the same
concentration is assumed to be released from the facility roll-up door and is transported to the
facility ventilation intake that services the control room. ALOHA is then used to calculate the
indoor concentration at the location of the ventilation intake louver that services the control room.

Quantitative exposure standards are selected to meet acceptable limits for public and worker
health and safety. The quantitative acceptance limits are taken from the PAC values (USDOE.,
2018). which correspond to the Acute Exposure Guideline Levels (AEGLs), Emergency
Response Planning Guidelines (ERPGs), or Temporary Emergency Exposure Limits (TEELS)
values for such chemicals. Exceptions are applied to rhodium chloride, uranyl sulfate, and uranyl
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peroxide, which do not have published PAC values. For these chemicals, acceptance limits were
developed using guidance from DOE-HDBK-1046-2016. Temporary Emergency Exposure Limits
for Chemicals: Method and Practice (USDOE, 2016).

Three chemical accident scenarios are identified that have the potential to exceed established
chemical exposure acceptance limits for workers if safety-related controls are not applied:

» Sulfuric acid: A spill from a subgrade liquid waste collection tank may potentially exceed
the control room chemical consequence limit. The subgrade vault is credited as a safety-
related control to limit the source term to maintain the peak control room concentration to
less than the PAC-2 limit.

« Uranium oxide: A seismic event resulting in the failure or overturning of the uranium
receipt and storage system (URSS) uranium oxide storage rack, causing multiple storage
can failures. The uranium storage racks are seismically qualified to maintain their
structure and position during a seismic event, which prevents the potential chemical
exposure. The failure of a single can during transfer or handling operations does not
result in chemical dose consequences which exceed acceptance limits.

* Uranium oxide: A spill of uranium oxide powder in the URSS glovebox or target solution
preparation system (TSPS) glovebox causes a quantity of the powder to become
airborne. The gloveboxes are seismically qualified to maintain their low leakage boundary
during a seismic event, which limits the chemical exposure to workers to within
acceptable limits.

The acceptance limits established for chemical consequence are that the PAC-1 limit shall not be
exceeded for members of the public, and that PAC-2 limits shall not be exceeded for workers.
The results in Table 13b.3-2 show that no chemical conseguence exceeds PAC-1 limits at the
site boundary or the nearest residence, and no chemical consequence exceeds PAC-2 limits for
the worker.

Chemical Process Safety Controls

The components credited for prevention of the chemical dose consequences are:

+ URSS uranium storage racks are seismically qualified to maintain their structure and
position during seismic events.

The components credited for mitigation of the chemical dose consequences are:

* Confinement barriers (i.e., supercell, gloveboxes, subgrade vaults) are credited for those
chemical spill scenarios that occur within a confinement structure as identified in
Table 13b.3-2.
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Table 13b.3-1 — lnventeryQuantities of In-Process Hazardous Chemicals
(Sheet 1 of 3)

Chemical Name Location Inventory (kg) Sterage-CentalrerRype—and-Capacity
Shorrisak
SterageSubgrade Waste 44.48E-01
Alpha-Benzoin Oxime Tanks 1.00E-02 e 2E0-crorn-lenseniainers
Supercell 3.28E-03
RLWI Tank
Ammonia{28-wt%jum : Hequid
. Ghemieal-SterageSup A7E- Two-1000-Hiter it te bl . HBC]
Hvdroxide Supercell 4992.17E-02
Subgrade Waste Tanks 1.81E+01
Ammonium Nitrate Supercell 4.96E-02
RLWI Tanks 1.32E-01
ShemisalSterge
StoragelSES. 1062001
PROP/ECI Target Solution Storage 2.79E+00 . .
[ ] 1.86E-01 eEldloararn had candainore
Subgrade Waste Tanks
Supercell SALY SIS
RLWI Tank 270803
Chemissl
SterageSubgrade Waste 41.92E-02
Hydrochloric Acid (38 wt.%) Tanks 1.00E-02 Fwe-ore-galen-certaers
Supercell 1.41E-04
RLWI Tank
Chemical-Sterage. -
Hydrogen Peroxide (30 wt.%) Room 6682.66E400 FEHE
1.00E-02 e 000-HBCS
Supercell
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Table 13b.3-1 — lnventeryQuantities of In-Process Hazardous Chemicals

(Sheet 2 of 3)
Chemical Name Location Inventory (kg) Sterage-CentalrerRype—and-Caacily
Mi Lol ~hemicalS 250 Hauid
Molvbd Trioxid ~hermical S 1 - " .
Saeraissk
Nitric Acid SterageSubgrade Waste  49791.79E+01 Licuid
(70 wt.% in chemical storage) Lanks 229801 Fwo-1000-HBGC)
Supercell 1.31E-01
RLWI Tank
Chemissl
. SterageSubgrade Waste 47.47E-03
Elgf:;']fo”:oru orate Tanks 1.00E-02 Two-250-g-containers
Supercell 5.46E-05
RLWI Tank
Sheraissk
SterageSubgrade Waste 14.73E-01
Potassium Permanganate Tanks 1.00E-02 e 2E0ceeninines
Supercell 3.46E-03
RLWI Tank
Chemisal
SterageSubgrade Waste 48.96E-03
Rhodium Chloride Tanks 1.00E-02 Fwo250-gcontainers
Supercell 6.55E-05
RLWI Tank
Silver Nitrate Ghemical-SterageSupercell 1.00E-02 Fwo250-gcontainers
Sodium Hydroxide (50.5 wt.%) GChemical-SterageSupercell 45445.17E-01 Fre—000-HES
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Table 13b.3-1 — laventeryQuantities of In-Process Hazardous Chemicals
(Sheet 3 of 3)

Chemical Name Location Inventory (kg) Sterage-Centalrerype—and-Caacily
Sodium lodide Ghemical-SterageSupercell 1.00E-02 e 2EL o boliles
Sheraissk
SterageSubgrade Waste 23.12E+00
Sodium Sulfite (98 wt. %) Tanks 1.00E-01 fue el abottles
Supercell 2.28E-02
RLWI Tank
ChemicalEtermze
LSES 3599.67E+00
Room 5.46E+01 .
Sulfuric Acid Target Solution Storage 5 62E+02 Liguid
Subgrade Waste Tanks PP =Rz
Supercell 6.07E+00
RLWI Tank 2298200
Sulfur Hexafluorid leradiati ool (8 40 - . Sas (NDAS p
Uranium Metal Yramtum StorageURSS o505 o0E 402 Selidpieses
Room (Stemmoocontainormedrcinsize L8 e
Yranivm-SterageURSS .
Uranium Oxide Room %ﬁ .55“3 'EE”."EIE' .
TSPS Room E— (Storage-containermaximurm-size-56-04-kg)
Uranyl Peroxide PreparationTSPS Room g S St vrompdoulinte diccelotiontonle
tr-ProcessTSPS Room 40581.91E+02
Target Solution Storage 8.58E+02 -
Uranyl Sulfate Subgrade Waste Tanks 7.26E+01 ) I )
Supercell 9.54E+01 (Targetsotution prep-tank maximun{—] J
RLWI Tank 1.05E+00
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Table 13b.3-2 — Hazardous Chemical Source Terms and Concentration Levels
(Sheet 1 of 3)

Control Room

Hazardous Operator/ Site Boundary Nearest
Chemicalf_ RCA Worker Concentration Residence
(Release MAR Source Term PAC-1@) PAC-2(2 PAC-32 Concentration_ (230 m)® (788 m)t®
MechanismLocation) (kg) (kmg) ( ( ( ( ( (
Alpha-Benzoin Oxime 0.49- 5.4 32 ; Neghigible1.30E- Negligible8.50E
N . . 4 - 9392; 9 ) 30E- 50E-
(Subgrade Waste Tanks) 220688 S-008-41.38 gl raglm® mgm® S 7 GW 05 07
Ammonia osss 27-9-ppm
{28-wt-%)um Hydroxide  249-50.1() 24952490 30-ppm13 160ppm140  +400-ppm840  ppm1.53E+00/ ' 02& 239 '3'303%
(Supercell) 1.39E-01 - -
Ammonium Nitrate
(Subarade Waste Tanks) 2.77 55.37 6.7 73 440 5.23E-02/3.09E-03 5.22E-04 3.42E-05
[ JPROP/ECL 50744 6.640.769Y [ [ 03:5:;?502/ 00706 Nedligible? 34E-
(TSPS Room) V.44 74 4€) JPROPIECI JPROPIECI JPROPIECI mg*ms 15ET Prgln33.57E-05 06
Hydrochloric Acid (b) 0 2o 00 +58E3ppm7.14E- L—Es- L-ba0e-
(38-wt%Supercell) 20.038 21380 ' 2.1 33 150 01/7.71E-02 ppm1.90E-02 ppm1.24E-03
Hydrogen Peroxide - 1.69E- 80367 Negligible1.47E-
(30WL%TSPS Room) 34032 33401380 40pprld Soppmi0  400PpmId0 o117 79E 02 ppm2.24E-03 04
Mineral-O# 186 186
rrgh rghR® Pgh® Negligible Negligible Negfigible
MetrbderutmTtreoxde 4 8-002
Fghn® mghn® gl mghn® i Neghgioie
Nitric Acid
(Fo-wtY-in- 0045+
chemicat- 989.52.7(9) 98954820 0.46-ppmd1l 24-ppm62 92 ppm240 ppM2.55E+00/ 9'799 16E9_03 g'ggfgss_o .
sterageSubgrade Waste 2.69E-01 — I
Tank)
Potassium
Hexachloro-ruthenate®™  ©-250.012 5:00E-40.24 . None-ldentified2 e R N/A2.26E-06 N/A1.48E-07
{dentified0.5 {dentified20 05
(Supercell)
SHINE Medical Technologies 13b.3-5 Rev. 1




Chapter 13 — Accident Analysis Analyses of Accidents with Hazardous Chemicals

Table 13b.3-2 — Hazardous Chemical Source Terms and Concentration Levels

(Sheet 2 of 3)
Control Room
Hazardous Operator/ Site Boundary Nearest
Chemicalf_ RCA Worker Concentration Residence
(Release MAR Airborne-  Source Term PAC-1@ PAC-2(a PAC-3( Concentration_ (230 m)t® (788 m)t®
MeehanismLocation) (kg) Fracten (kmg) (ma/m?) (ma/m?) (ma/m?3) (ma/m?3) (ma/m?) (ma/m?3)
Potassium Permanganate 8.6 14 150 : Negligible1.37E- Negligible8.99E
- 025 2E 3 5.00E 4 -0- - - 3 ~ 1.0/C- 0.99C-
(Subgrade Waste Tanks) LT 1.45 mglm® mglm® mglm® s A 1% 05 07
Rhodium Chloridef®)(©) 0.950.012 oE3 N0 40 24 R Nene- Nene- 959222;7950 y Neghgible2.26E- Neghigiblel 48E-
Supercell R ' I mg#nsﬂ ldentified18.5  ldentified110 y SET 06 07
Silver Nitrate 0.0475 0.9 54 00279 Negligible2.26E- Negfigible1.48E
- . 0= - 0 3 ~ N - . -
Supercell 8:250.012 2E-3 5-00E-40.24 3 3 3 mg#:qsiéz% 04/ 06 07
Sodium Hydroxide 3-082E 4-kg/ 0.5 5 50 0-0028 Negligible1.17E- Negligible7.67E
O e o = = 3 ~ N - s -
(50-5-wt%Supercell) ##0-80.620 & he12, mglm® glm® glm® s 5 QW 04 06
Sodium lodide 13 140 860 0278 Negligible2.26E- Negligible1.48E
- - - - 3 ~ £.£0C- 1.40C-
Supercell 8:250.012 2E-3 5:00E-40.2 3 3 3 mg#:qsiéz% 04/ 06 07
Sodium Sulfite 11 120 710 0278 Negligible9.01E- Negligible5.91E
_ - - - 3, ~ - - . -
Subarade Waste Tanks 8:250.478 2E-3 5-00E-49.55 3 3 3 mg#gqsgé)%i 03/ 05 06
Sulfuric Acid 0.26- 8.7 160 . Negligible1.47E- Negligible9.65E
. Y = 3 . - s -
(Subgrade Waste Tanks) 58.0 +0 51580 mghm® glm® mglm® S A 7% 02 04
H-yel-Fegen—Hue#ée‘d') 03105 120 0:3105 J-ppm 24-ppm 44-ppm 0:0173-ppm 0:0445-ppm Negligible
Sutfur-Dioxidet® 4.45E3 10 4.45E-3 -2 ppm 0-75-ppm 30-ppm 8.10E-5-ppm Negigible Negtigible
Uranium Metalt®/() 78 o eibie0 0.6- 5 30- Negligible0.00E+00/ Negligible0.00E+ Negtigible0.00E+
(URSS Room) : teghgivled mghm® glm® gim® 0.00E+00 00 00
Uranium Oxide 0.4 10 530 . 8-070c- Negligible1.48E
. - oU- 3 g . -
(URSS Room) 5-0440.0 253 0-642400 mglm68 mglm® mglm® 9 9 935%0"00/ g/m®2.26E-02 03
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Table 13b.3-2 — Hazardous Chemical Source Terms and Concentration Levels

(Sheet 3 of 3)
Control Room
Hazardous Operator/ Site Boundary Nearest
Chemicalf_ RCA Worker Concentration Residence
(Release MAR Airborne-  Source Term PAC-1@ PAC-2(a PAC-3( Concentration_ (230 m)® (788 m)t®
MeehanismLocation) (kg) Fraction (kmg) (ma/m?) (ma/m?) (ma/m?3) (ma/m?3) (ma/m?) (ma/m?3)
Uranyl Peroxidef?(9) £z 79E 5 D02 tleas tleas 3 Negligible1.29E- Negligible8.46E-
(TSPS Room) 436.84 ’ 1368 mghm0.94 {dentified10.4 {dentified62 § 5 7% 02 04
Urarnsyiljgu:s;em -1-9—1-6728191. £ he235(0Y 9.—7;%—92 4?1-0 , 26é61 33 91E+00/ Neghg+glze1 A1E Neghg%lf?.ZSE
(TSPS Room) 2 mghm©0.92 mghm©10.2 mghm 61 ceann 02 04
19120 1.07E+00
a. } v
the—pemt—seleeteel— rotectlve Actlon Crlterla (PAC) values are based on the u. S Degartment of Energy s Protectlve Actlon Crlterla Database (USDOE 2018) unless other-
wise specified.
b.
c.

fet—u;anyl—r—heelmn—ehleﬂele—The first source term value Ilsted is for a two- mlnute release, wh|Ie the second source term value corresgonds to a full tank release For each
receptor, the source term value WhICh welds the most conservative result is used.

d. Hy 3 5 el g } .Based on largest capacity subgrade waste tank.

e. -PAC values were not identified for rhodium chloride in the PAC
Database (USDOE 2018) PAC values were developed from toxmtv information found on the safetv data sheet using the methodology from DOE-HDBK-1046-2016
(USDOE 2016)

f ere-Ro den ed-fo N De
MSDS—fer—u%anyl—peFe*lde—Uramum metal is

9. &eh

srmﬂa{—health—hazafels— PAC values were not |dent|f|ed for uranyl QerOX|de or uranyl sulfate in the PAC Database (USDOE 2018) For uranium comgounds ACGIH STEL is
0.6 mag/m3, which is multiplied by a compound adjustment factor based on the methodology from DOE-HDBK-1046-2016 (USDOE. 2016) to obtain the TEEL-1 (PAC-1)
value. PAC-2 and PAC-3 values were calculated based on the methodology from DOE-HDBK-1046-2016.
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5.3

5.4

e. The radiation protection plan: at least once per calendar year (interval
between audits not to exceed 15 months);

f. The QAPD: at least once every other calendar year (interval between
audits not to exceed 30 months); and

qg. The physical security plan: at least once every other calendar year
(interval between audits not to exceed 30 months); and

g-h. _ The nuclear criticality safety program: at least once every third calendar
year (interval between audits not to exceed 36 months).

2. Deficiencies identified during the audit will be entered into the Corrective Action
Program. Deficiencies uncovered that affect nuclear safety shall immediately be
reported to Level 1 management. A written report of the findings of the audit shall
be submitted to Level 1 management and the review and audit committee
members within three months after the audit has been completed.

Radiation Safety

The RPM shall be responsible for the implementation of the radiation protection
program. The requirements of the radiation protection program are established by

10 CFR Part 20. The program shall use the guidelines of ANSI/ANS 15.11-1993,
Radiation Protection at Research Reactor Facilities. Furthermore, SHINE is committed
to ensuring that radiation exposures are ALARA and in maintaining and effective
ALARA Program.

The radiation protection department is independent of facility operations. This
independence ensures that the radiation protection department maintains its objectivity
and is focused only on implementing sound radiation protection principals necessary to
achieve occupational doses and doses to members of the public that are ALARA.

Radiation protection staff maintain the ability to raise safety issues with the review and
audit committee or executive management.

Procedures

1. Procedures for the operation and use of the SHINE Facility provide appropriate
direction to ensure that the facility is operated normally within its design basis,
and in compliance with technical specifications. These procedures are written,
reviewed, approved by appropriate management, as well as controlled and
monitored to ensure that the content is technically correct, and the wording and
format are clear and concise.

2. The process required to make changes to procedures, including substantive and
minor permanent changes, and temporary deviations to accommodate special or
unusual circumstances during operation shall be in compliance with
ANSI/ANS 15.1-2007.

3. SHINE shall prepare, review, and approve written procedures for the following
basic topics:

a. startup, operation, and shutdown of the IU;

b. target solution fill, draining, and movement within the SHINE Facility;
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5.5

5.5.1

5.5.2

5.5.3

5.54

Programs
The following programs shall be established, implemented, and maintained.
Nuclear Safety Program

The SHINE nuclear safety program documents and describes the methods used to
minimize the probability and consequences of accidents resulting in radiological or
chemical release. The program applies a graded approach to the design and
management of processes to assure plant safety through risk reduction and satisfaction
of SHINE’s performance goals. The safety program accomplishes these goals through
development and maintenance of the accident analysis, identification of safety-related
structures, systems, and components (SSCs) credited for accident mitigation, and
establishment of programmatic administrative controls to ensure reliability of the credited
SSCs.

Training and Qualification

The SHINE training and qualification programs include initial and requalification training
programs for Licensed Operators, which were developed to conform to the requirements
of 10 CFR Part 55, as it pertains to non-power facilities, following the guidance
contained in ANSI/ANS 15.4-2016, Selection and Training of Personnel for Research
Reactors.

Radiation Protection

The SHINE radiation protection program is provided to protect the radiological health
and safety of workers and the public. The program meets the requirements of

10 CFR 20, Subpart B, and is consistent with the guidance provided in

ANSI/ANS 15.11-2016, Radiation Protection at Research Reactor Facilities, and
Regulatory Guide 8.2, Revision 1, Administrative Practices in Radiation Surveys and
Monitoring. In addition, SHINE has established this program to maintain occupational
radiation exposures and releases to the environment ALARA.

Configuration Management

The SHINE configuration management program provides oversight and control of design
information, safety information, and records of modifications that might impact the ability
of safety-related SSCs to perform their functions. The configuration management
program is applied to all safety-related SSCs and is used to evaluate each change to the
SHINE Facility for the potential to affect safety-related SSCs. The configuration
management program is used to maintain consistency among the design requirements,
the physical configuration and the facility documentation, and ensures changes are
made in accordance with 10 CFR 50.59, 10 CFR 70.72, and the administrative controls
and reviews specified by this program.

Table 5.5.4 lists controls derived from the accident analysis not otherwise included in
Sections 3, 4, or 5 of the technical specifications. SHINE maintains these controls under
the configuration management program and will not modify the characteristics of the
items listed in Table 5.5.4 without prior NRC approval.
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Proprietary Information - Withheld from public disclosure under 10 CFR 2.390(a)(4)
Export Controlled Information - Withheld from public disclosure under 10 CFR 2.390(a)(3)

Category Characteristic

The fill rate of target solution into the TSV is not more than
[ JPROPECI This rate is set and verified during Startup Testing
using a throttle valve that is subsequently locked in place.

The overflow lines in the TSV are located at a height sufficient to protect
the TSV headspace to allow proper operation of the TOGS.

Irradiation Unit The TSV dump tank is designed with ke < 0.9594 for the most reactive
(continued) uranium concentration for the prevention of criticality.

The TOGS physical design ensures Kes is < 0.9694 for the most reactive
uranium concentration for the prevention of criticality.

[

]PROP/ECI

The PCLS expansion tank is provided with a flame arrester at the tank
Coolant Systems | vent inlet to prevent ignition of hydrogen accumulated in the expansion
tank from ignition sources in the primary Confinement boundary.

The TSSS process pipes are seismically qualified.

The MEPS [ ]JPROPECH is seismically qualified.

The design of the MEPS upper three-way valve prevents reverse flow
from the target solution return header to the eluate tank.

Isotope
Production The MEPS extraction feed pump discharge lines have overpressure
Systems protection.

Vaults, trenches, valve pits, and hot cells where high concentration
uranium-bearing solutions may be present are equipped with drains to
the favorable geometry RDS sump tanks. The RDS drain in the supercell
additionally provides over pressure protection via a relief path to the
RDS.

Confinement boundaries within the facility are provided to limit the
release of effluents from the enclosure to the external environment
through controlled or defined pathways.

Confinement
The holdup volume in RVZ1e from the PCLS expansion tank, between
radiation detectors and isolation devices, provides a time delay for
isolation of IU cell gases exiting the confinement boundary.

Page 5.0-10 Revision 34



5.8.3

Additional Event Reporting Requirements

Events which meet the reporting requirements of 10 CFR 70.50; 10 CFR 70.52; or
paragraphs (a)(1) through (a)(3), (b)(3), or (c) of 10 CER Part 70, Appendix A shall be
reported to the NRC as prescribed in the applicable regulation.

5.8.35.8.4 Startup Report

5.9
5.9.1

5.9.2

5.9.3

SHINE shall conduct startup testing in accordance with the Startup Testing Program, as
described in FSAR Section 12.11. Following completion of startup testing, SHINE will
submit a Startup Report to the NRC Document Control Desk that identifies the startup
tests performed.

The Startup Report shall be submitted within 6 months of the completion of all startup
testing activities.

Records
Lifetime Records

The following records are to be retained for the lifetime of the SHINE Facility:

1. Gaseous and liquid radioactive effluents released to the environs;
2. Offsite environment-monitoring surveys required by the technical specifications;
3. Radiation exposure for all monitored personnel; and

4. Updated drawings of the SHINE Facility.

Applicable annual reports, if they contain all of the required information, may be used as
records in this section.

Five Year Records

The following records are to be maintained for a period of at least five years or for the life
of the component involved if less than five years:

1. Normal SHINE Facility operation (but not including supporting documents such
as checklists, log sheets, etc., which shall be maintained for a period of at least
one year);

2. Principal maintenance operations;

3. Reportable occurrences;

4. Surveillance activities required by the technical specifications;

5. Facility radiation and contamination surveys where required by applicable
regulations;

6. Radioactive material inventories, receipts, and shipments;

7. Approved changes in operating procedures; and

8. Records of meeting and audit reports of the review and audit group.

Records to be retained for at least one certification cycle

Records of retraining and requalification of operations personnel who are Licensed
pursuant to 10 CFR Part 55 shall be maintained at all times while the individual is
employed or until License is renewed.
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