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Brunswick TIP Incident Dose Calculations

Introduction

On July 5, 1990, Mr. Larry Dew was involved in a radiological
incident which resulted in an unplanned exposure to his left hand
while working on a job to install new transient in-core probes
(TIPs) at the Brunswick Nuclear Flant. E&RC Experience Report
Number 90-004 contains a complete description of the occurrence,
its cause, and corrective actions. Since no monitoring devices
were worn on the hand, it was necessary to calculate the dose based
on the best information available, primarily obtained from
interviews, records, and drawings. Originally, a i2*al exposure to
the hand of 10.6 rem was estimated by CP&L. However, Mr. Dew
disagreed with the assumptions used and refused to sign the final
Personnel Exposure Investigation —eport containing this dose.
Subsequently, Mr. Dew filed a complaint with tne Department of
Labor which qu?stionel the validity of the dose. As a result of
the DOL allegations, the NRC requested additional information
supporting the dose assignment. In response, CP&L reexamined the
assumptinns and methodology used in the dose calculations and
concluded that the original exposure estimate was valid. This
report summarizes the methodology and results of dose calculations.

General Assumptions

The shallow dose to the hand (7 mg/cm’ tissue depth) represents the
most limiting exposure case for the TIP incident. Since the
exposed worker wore two pairs of rubber gloves, the dose was
determined for both beta and gamma radiation at a depth of 99
mg/cm’, which is the sum of the density thickness of the gloves and
skin (See Attachment 1).

The dose calculatiorn are based on two principal nuclides, Mn-56
and Al-28, which represented 95.6% of the total activity in the
detector and 98.6% of the activity in the cable (see Attachment 2).
The dcse contribution other nuclides is small and is more than
offset by conservative assunmptions employed in the dose
calculation.

The dose from the incident is calculated separately for exposure
from the detector versus tne drive cable because of differences in
geometries, activities, and exposure times.

Many assumptions were made in performing the dose calculations, but
the most critical ones concerned the length of time the TIP was in
the core and the length of time different parts were touched.
These times were determined based on interviews with participants
in the incident and on reenactments, all of which are described
more completely in Attachment 10. Because the actual times are
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unknown, upper and lower bound doses were calculated, in additiom
to a best estimate dose, in order to give an indication of the
degree of uncertainty. The table below summarizes the time
assumptions used in the dose calculations,

mm
Lower Best Upper
Bound Estimate Bonnd
Time in Core 120 sec 180 sec 300 sec
Time Touching 0 0 .5 sec
TIP
Time 7T suching 3 sec 4 sec 4 sec
Cable
_M

In addition to the above assumptions, the primary data used in the
dose calculations were design information for the TIP (detector and
cable materials and dimensions) and neutron activation analyses for
various irradiation and decay times, both provided by Reuter-
Stokes, Inc., the TIP manufacturer. Attachment 3 contains
drawings and diagrams representing the detector and cable and
Attachment 4 contains the results of neutron activaticen
calculations.

Gamma Dose Calculations

The gamma dose was calculated using the computer code Microshield,
a program for analyzing gamma radiation shielding (Ref. 4). The
program input includes: geometry, source nuclides and activities,
source and shicld materials, dimensions of source and shields, and
position at which dose rate is to be determined. The output is the
dose rate at the specified point.

The basic geometry selected to model both the detector and the
cable was a cylindrical source (side view) surrounded by
cylindrical shields. For this geometry, Microshield calculates the
exposure rate at a speci’‘ied point using a point-kernel numerical
integration technique. Three integration parameters determine how
finely the source voluue is divided for the numerical integration:
radial, horizontal angle, and vertical angle. A value of 11 was
selected, thus dividing the source into 11’ differential volumes.

The dose for complex geometries can be approximated by breaking
them into several simple geometries for which the dose can be
calculated separately and then summed. In this case, the total
gamma close is the sum of tnree separate geometry and nuclide
compinations.



1. Cable Containing Mn-56

The gamma dose from the cable was calculated onlv for Mn-
56, since the activity of Al-28 was "egligible. the
activity was assumed to be uniformly distributed in a
solid, cylindrical volume of iron, 18 inches Iong.
Because of the small distance between the hand ana the
cable, the percent contribution to the dose from parts of
the cable greater than ¢ inches away is negligible.
Attachment 5 shows the Microshield results.

2. TIP Insulators Containing Al-28
The Al-28 is contained in alumina (Al,0,) insulators
inside the outer detector shell. The activity was
assumed to be uniformly distributed in a solid,
¢ylindrical volume representing the alumina surrounded by
an iron shield representing the detector shell.
Attachment 6 shows the Microshield results.

y B8 > -

The Mn-56 is contained primarily in the stainless steel
detector shell. The activity was assumed to be uniformly
distributed in a hollow cylindrical volume representing
the stainless steel shell. The decse from a hollow
cylinder was obtained by calculating the dose from two
solid cylinders of different diameters and subtracting
the smaller from the larger. In this case, the
aiameters used were the insile and outside diameters of
the detector shell. Attachment 7 shows the Microshield
results.

The calculations for 120 second TIP irradiation times were done
with Microshield and were adjusted using a spreadsheet program for
different irradiation and exposure times. Attachment 8 contains a
summary of the gamma dose calculations for each of the above three
cases based on upper bound, lower bound and best estimate
assumptions.

Beta Dose Calculations

The beta dose was calculated using eguations which integrate the
experimentally derived beta particle point source dose distribution
function for several simple geometries (Ref. 2). The total beta
dose is the sum of the beta dose for three different geometries and
nuclide combinations:

1s
This geometry was assumed for the beta dose from Mn-56 in
the cable. This is considered to be a reasonakle,
probably conservative, approximation for a hand wrapped
around a long, cylindrical source (the cable) whose
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radius exceeds the maxisum beta particle range. e
dose at a depth x outside an infinite, plane slab of
infinite thickness is given by the following equation
(Ref 2, p.722, Eg. 24):

De(X) = .5Dga(c’[3~e " ayx/c(2+1n(c/vX)) )+ ™), rad
[ )] =0 for x 2 ¢/v

Where: Dy = 2.13E;7, rad/hr
E;, = Average beta energy, MeV

r = Activity concentration, uCi/g
a = [3c*=(ci-1)e)"?

2 0.17<E;<0.5

v = 18.6/(E,~.036)"Y, cmi/g
E, = Maximum beta energy, MeV
X = Depth in absorber outside slab, g/cm’

This geometry was assumed for calculating the beta dose
from Mn-56 in the outer detector shell of the TIP. It
was chosen because the thickness of the detector shel) is
less than the maximum beta particle range. The dose at
a point outgide a infinite, plane slab of finite
thickness is given by the following equation (Ref 2,
p.725, Eq. 27):

D(x,h) = D(x,®) =D(x+h,®)

The terms on the right are given by eguation 24.

Lty
This geometry was assumed for Al-28 beta dose calculation
from the alumina insulators inside the outer shell of the
detectors. The dose at a distance x from the center of
a sphere of radius b is given by the following equation
(Ref. 2, p.736, Eq. 38):

Duph(xrb) - -SQDQ[(Vb*"l)e_“b+(vb-l)et’b]e(l"wx)/vx
For: x 2 c¢/v+b

Attachment 9 contains a summary of the heta dose calculations for
each of the three geometries based on upper bound, lower bound and
best estimate assumptions.

The dose contribution from bremsstrahlung radiation was considered
negligible. The ratio, r, of energy loss from bremsstrahlung to
that from collisions can be est.mated by the following eguation
(Ref. 6, p. 175):



r = (T2/700)

Where: T = beta particle energy
2 = atomic number of absorber

Assuming T equals the average energy of Mn-56 (.86 MeV) and 2
equals the atomic number of iron (26), then r equals 3.1%. Since
the bremsstrahlung radiation will deposit its energy over a range
of absorber thickness, the dose contribution at the skin depth will
be only a very small fraction of the 3.1%.

Total Dose

The total shallow dose to the hand from the TIP incident is simply
the sun of the beta and gamma doses as summarized in the following
table.

Beta Dose Gamma Dose Total Dose
(rad) (rem) (rem)
Lower Bound 4.623 0.698 $.321
Best Estimate 9.228 1.392 10.620
UpEer Bound 36,385 7.687 44.072

Conservatisms

A number of conservative assumptions and approximations were used
in performing the dose calculations. Several of those are
discussed below, including estimates of the magnitude of the effect
on (0se calculations for some.

Reuter-Stokes used a flux of 5.0 x 10" n/cm‘/sec in the
neutron activation calculations. It was later determined that
the average neutron flux in the channel traversed by the TIP
during the incident was 4.394 x 10" n/cm/sec. This
difference translates directly into a 14% conservatism in the
calculated dose.

NRC regulations require that the dose to the extremities be
reported at a depth of 7 mg/cm’, but the average epidermal
thickness on palms of the hands is about 40 mg/cm’ (Ref. §,
p.50). The beta dose at 40 mg/cm’ is 18% less than at 7
mg/cmé,
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Attachment 2

Principal Nuclide Decay and Emission Data



A -l
R

Atomic number $ 13
Atomic weight : 28
Half life :{ 2.24 minutes
rEImsasEEDEs Betas: S ]
probability maximum average
per decay (MEV) (MEV)
b 1.000000 2.864200 1.242300

z=ssuws= GCammas & X-rayg: TEEEEER

probability energy

per decay (MEV)
1 1,.000000 1.778900
Mn-56
B
Atomic number : 28
Atomic weight : 56
Half life : 2.5785 hours
EEEEEEERTEE Betas: EEREENRT BT
probability maximum average
per decay (MEV) (MEV)
1 .011600 325630 .099100
p) .146000 . 7385530 .255200
3 .278000 1.037900 .381900
4 .562000 2.848600 1.216700
5 .001189 .987800 +373140

==z Gammas & x-ray.; nEsREEs

probability enerqy

per decay (MEV)
1 ,988700 .846750
2 .271890 1.810700
3 .143360 2.113100
B ,009887 2.522900
- . 006525 2.657500
6 . 003065 2.959800
7 .001681 3.369600
8 .001626 1.351400
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Attachment 4

Neutron Activation Calculations
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19 3.--..--.......-.-....'..-..--.-...-.....-.-...--..-..l.-."....-.-...-.

20 DECAY OF ACTIVITY gl s

W“_*‘“

17-Jul=90 09:06 AM OnlLine Numr-

YN



Attachment S

Microshield Results for Cable Containing Mn~56



mrroetoeld 3.1

T AR % WA VAR AR S R D
(Carolina Power & Light - #0%9)

Pa?c i ¢ File Ref:

CABLE120.MSH Date: i GEMSE 4
Run date: November 27, 1990 By:
Run time: 8:45 a.m. Checked:

CASE: Cable - Manganese 56 - 120 sec Irradiation

GEOVLTRY 7: Cylindrical source from side - cylindrical shields

Distance tt detector...cceevevvnns TP W LSO D ¢ 0.422 cm.
SOUI’C‘ ;Cn(th-. A8 % d49ien ¢ e ¢RI E S SN . s L 45.720 "
Dose point height from base .......... AEAIbrrre re. | 22.860 "
Source cyliader radius..:..svvevivas cesvevase T3 0.323 "
Thickness of second shield......cvevvvvees oo T2 0.099 "
Micreshield inserted air gap.....ccovsssaans . air 0. -

Source Volume: 14.9462 cubic centimeters
MATERIAL DENSITIES (g/cc):
Material Source Shield 2 Alr gap

Alr 001220
Aluminum

Carbon

Concrete

Hydrogen

Treon 7.860

Lead

Lithium

Nickel

Tin

Titanium

Tungsten

Urania

Uranium

Water 1.0
Zirconium



Fage o

Film: LRRLELD. NS

TASE: Catile -~ Nangenese 56 ~ 12D sec Trradistiom

BUILDUP FACTOR: based on TAYLOR method.
1sing the characteristics of the materials in shield 1.

INTEGRATION FARAMETERS:

Number of lateral angle segments (Ntheta).
Number of azimuthal angle segments (Npsl)
Number of radial segments (NradiusS)....seooees

Nuclide

Al-28
Mn=56

Rl ol ok ol el e R = E =
CWOIOMPeLNHOOE IO US LN

SOURCE NUCLIDES:

Curies Nuclide Curies Nuclide
0.0000e+00 Cr=51 0.0000e+00 Mg=27
5.8360e~01

RESULTS

Eneragy Activity Dose point flux

(MeV) (photons/secC) MeV/(sq cm)/sec
33,3672 3.629%e+07 1.521¢+06
2.9609 6.618e+07 2.440e+06
2.6641 1.409e+08 4.688e+06
2.5234 2.135e+08 6.732e+06
2.1172 3.096e+09 8.226e+07
1.8047 5.871e+29 1.332e+08
1.3516 3.512e+07 5.977e+05
8516 2.135e+10 2.301e+08
TOTALS: 3.08le+10 4.616e+08

11
11
11

Curies

0.0000e+00

Dose rate
(mr/hr)
2.073e+03
3.505e+03
6.971e+03
1.020e+04
1.312e+05
2.244e+05
1.076e+03
4.578e+05

8. 371e+05



Attachment 6

Microshield Results for Insulators in TIP Containing Al-28



Page $
File H
Run date:
Run time:

Microstiedls .43
e L
(Carelima Povwer & Light - #0%9)

1 File Ref:
TIPAL120.MSH Date: / /
November 27, 199%0 By:
8:47 a.m. Checked:

CASE: Holding TIP - Aluminum=-28 - 120 sec. Irradiation

GEOMETRY 7: Cylindri- 1 source from side =~ cylindrical shields

DIstANCH L0 GOLOLEOY v s vciasnassnsisssidabedis & 0.367 cm.
Source length.sicsvesisers PR NI RO P S e © 2.540 "
Dose point height fro base€....:sevss 00 sesns ¥ 1.270 "
SOUrce Cyiinder rad i i iissvvivnsssnesssnssve T 0.216 "
Thickness of second shield...veceevovsnesess « T2 0.052 »
Thickness of third shield.. vsvesisvesassssses TI 0.099 "
Microshield inserted air gapP.. .csvsovess:ess alr 0. "

Material
Alr
Aluminum
Carbon
Concrete
Hydrogen
Iron
Lead
Lithium
Nickel
Tin
Titanium
Tungsten
Urania
Uranium
Water
Zirconium
AlO
Alumina

Source Volume: .J73706 cubic centimeters
MATERIAL DENSITIES (g/cc):
Shield 3

Shield 2

Air gap

-

001220

Source

7.860

3.970



Fage 2

N e el
OVONOUISWNFEOWDO I DS LR

File: TIZRLIID. NS
CRSE: Bnlding TIP - Alowizge-28 -~ J20D sec. JIrradiaxtism

BUILDUP FACTOR: based on TAYLOR method.

Using the characteristics of the materials in shield 3.

INTEGRATION PARAMETERS:
Number of lateral angle segments (Ntheta).....
Number of azimuthal angle segments (Npsi).....
Number of radial segments (Nradius)....scsoees
SOURCE NUCLIDES:

Al-28: 7.7700e=01 curies

RESULTS:
up Energy Activity Dose point flux
(MeV) (photons/sec) MeV/(sq cm), 'sec
1 7734 2.875e+10 1.188e+10

- - ————— -

TOTALS: 2.875e+10 1.188e+10

11
11

Dose rate
(mr/hr)

2.010e+07

2.010e+07



Attachment 7

Microshield Results for TIP Outer Shell Containing Mn-56



Microstaedd 1.3

ST 3 DRI R BRI TR
(Carolive Power & Light - #059)
Page | File Ref:
File ¢t [TPOUTMN.MSH Date: / V4
Run date: November 27, 1990 By:
Run time: 8:54 a.m. Checked:

CASE: TIP = Outer Cylinder - Manganese 56 - 120 sec. Irradiation
GEOMETRY 7: Cylindrical source from side - cylindrical shields
DIstANCe O doteCtoOr ..o vvicisrnsnscaninse ARSI | 0.367 cn.
BOUTRD IBOGEN v ¢ s s hanasamssseiosassosasassnss L 5.080 "
Dose point hiight from base.....cccveevaenvses ¥ 2.540 "
souree cylin-or radius.cccoeevons g e nsnsnesd T 0.268 "
Thickness of second shield.....ivovvueas e 18 0,099 "
Microshield inserted air gap:.s.svivsasvanvns air 0. 4

Source Volume: 1,146 cubic centimeters
MATERIAL DENSITIES (g/cc):
Material Source Shield 2 Alr gap

Alr 001220
Aluminum

Carbon

Concrete

Hydrogen

Iron 7.860

Lead

Lithium

Nickel

Tin

Titanium

Tungsten

Urania

Uranium

water 1.0
Zirconium



Page 2 Filme TIPCRTIM NN
CASE: TIP - utay Cplinder - Naoganese 56 ~ 120 sec. lrradisciom

BUILDUP FACTOR: based on TAYLOR method.
Using th» characteristics of the materials in shield 1.

LHTEGRATION PARAMETERS:

Number of lateral angle segments (Ntheta)..... 11
Number of azimuthal angle segments (Npsi)..... i
Number of radial segments (Nradius).......eo... 11

SOURCE NUCLIDES:

Mn=%86: 3.2400e~01 curies

RESULTS:

Group Energy Activity Dose point flux Dose rate
5 (MeV) (prrotons/sec) MeV/(sq :=m)/sec (mr/hr)
1 3+238673 2.015e+07 8.455e+06 1.152e+04
2 2.9609 1.674e+07 1.356e+07 1.948e+04
3 2.6641 7.823e+07 2.,6085e+07 3.875e+04
4 2.95234 1.185e+08 3.742e+07 5.670e+04
5 2.1172 1.719e+09 4.571e+08 7.290e+05
6 1.8047 3,25%9e+09 7.407e+08 1.247e+06
7 1.3516 1.950e+07 3.3z5e+06 5.988e+03
8 .8516 1.185e+10 “.285e+09 2.556e+06
9

10
11
12
13
14
15
16
17
18
19
20
TOTALS: 1.710e+10 2.571e+09 4.664€+06



p § -

Page 3
File
Run date:
Run time:

Mcrnmbaede .30

R L T R RATEAS S TARIMG A B W
Caroliva Power & Ligiht - #0%9)

1
: TIPINMN.MSH

November 27, 19%0
9:01 a.m.

File Ref:
Date: ~_ /7 7
By:
Checked:

CASE: TIP - Inner Cylinder - Mancanese 56 - 120 sec. Irradiacicn

GEOMETRY 7: Cylindrical source from side - cylindrical shields

Distance to detector.
Source length.........

Dose point height from base.

Source cylinder radius..
Thickness of second shield
Microshield inserted air gap

! terial
Air
Aluminum
Carbon
Contrete
Hydrogen
Iron
Lead
Lithium
Nickel
Tin
Titanium
Tungsten
Urania
Uranivm
Water

Zirconium

Source Volunme:

ooooooooo

nnnnnnn

ooooo

PO o X 0.367 cm.
b8 b a2e kR s i Ul 5,080 "
..... PP T TR 2.54C "
%09 '9%:90 %€ 498 9 Tl 00216 "
L T T I LR . T2 0009q "
e e ek R 0.052 L

.747412 cubic centimeters

MATERIAL DENSITIES (g/cc):

Source Shield 2

- - -

7.860

Alr gap

. 001220



Fage 2
TANE:

TIP « lumser Cplindes - Mangaeese 56 - 1ZD se.

BUILDUP FACTOR: based on TAYLOR method.

Arrasistiom

Using the characteristics of the materials in shield 1.

INTEGRATION PARAMETERS:
Number of lateral angle segments (Ntheta).....

Number of azimuthal angle segments (Npsi).....
Number of radial segments (Nradius).......ceus

SOURCE NUCLIDES:
Mn=56: 2.1100e-01 curies

il
il
11

Doge rate
(mr/hr)

RESULTS:

up rreray Activity Dose point flux

‘L V) (photons/sec) MeV/(sq cm)/sec
3.3672 1.312e+07 5.378@+06
2.9609 2.393e+07 B.627e+06
2.6641 5.094e+07 1.657e+07
2.5234 7.719e+07 2.379%e+07
2.1172 1.119e+09 2.905e+08
1.8047 2.123e+09 4.706e+08
1,3516 1.270e+07 2.115e+06
8516 7.719e+09 8.164e+08
TOThLl: 1.114e+10 1.634e+09

7.328e+03
1.223%e+04
2.464e+04
1.605e+74
4.633e405
7.925e+0%
3.805e+03

2.964e+06



Attachment 8

Gamma Dose Summary for TIP Incident



Gamma Dose Summary for the TIP Incident
(All calculations performed using Microshield, Rev. 2.11)

1§ < Dose Dose Exp.
Time Activity Rate Rate Time Dose
Object Nuclides (sec) (C1) (mR/h) (R/8) (sec) (R)
Cable Mn-56 12 0.584 837100 0.233 3.0 0.698
TIP Mn=56 120 0.113 1720000 0,478 0.0 G.000
TIP Al-28 120 0.777 20100000 5,583 0.0 0.000

Total: 0D.698

Irr. Dose Dose ExXp.
Time Activity Rate Rate Time Dose
Object Nuclides (sec) (Ci) (mR/h) (R/8) (sec) (R)
Cable Mn=56 180 0.874 1252925 0.348 4.0 1.392
TIP Mn+~56 180 0,169 2572389 0.715 0,0 0.000
TIP Al=-28 180 1:017 26308494 7.308 0.0 0.000

Total: 1.3%93

Irr. Dose Dose Exp.
Time Activit Rate Rate Time Dose
Object Nuclides (sec) (€1 (mR/h) (R/8) (sec) (R)
Cable Mn=56 300 1.449 2078406 0.577 4.0 2.309
TIP Mn~56 300 0.280 4261947 1.184 0.5 0.592
TI® Al-28 300 1.338 34457142 9.571 05 4,786

Total: 7.687



Attachment 9

peta Dose Summary for TIP Incident




Beta Dose Summary for TIP Incident

Irr. Exp. Dose
Time Time Rate Dose
Object Nuclide (sec) (sec) (rad/s) (rad)
Cable Mn=-56 120 3 1.541 4.623
TP Mn+~%6 120 8 2.406 0
TP Al=-28 120 0 21,109 0
Total: 4,623

1Py Exp. Dose
Time Time R te Dose
Object Nuclide (sec) (sec) (ra., ) (rad)
Cable Mn=56 180 B} 2,307 9.228
TP Mn-56 180 0 2.406 0
TIP Al=28 18C 0 21.109 0
Total: 9.228

irr. Exp. Dose
Time Time Rate Dese
Object Nuclide (sec) (sec) (rad/s) (rad)
Cable Mn~56 300 4 3.827 15.308
TP Mn=56 300 0.5 5.968 2.984
TIP Al=-28 300 0.5 36.186 18.093

Total: 36.385



Attachment 10

As a result of the Department of Labor proceeding brought by

Mr. Larry Dew against CP&L and CDI Corporation, CP&L conducted an
investigation into the allegations. Part of this investigation
centered around the radiation dose assigned to Mr. Dew.

The investigation of the dose assignment wae divided into two
parts: 1) the assumptions, and 2) the dose calculation
methodelogy. The investigation regarding the assumptions was
conducted by Mr, Mike McGarry and Mr. Don Meindertsma, counsel
from the law firm of Winston and Strawn, Washington, DC, and,
agsgpisting at their direction, Mr. B, H. Webster, Manager of
Corporate Health Physics for CP&L. The second part of the
investigation that looked at the methodology for the dose
calculation was conducted at the direction of legal counsel by
Mr. Steve Browne and Mr. Jay Terry, technical representatives of
CP&L, with assistance from an outside consultant,

Mr. Robert Alexander.

In looking at the assumptions the investigation team sought the
answers to four guestions:

1, How long was the TIP in the core?

2. How far back from the detector did Mr. Dew grak the
cable?

3. Did Mr. Dew actually *ouch the TIP detector?

4. How long was Ms. Dew's hand in contact with the TIP
cable/detector?

In order to obtain answers to these juestions, everyone involved
or who might have knowledge of the incident was guestioned,
except Mr, Dew, who was not available. In all this included
about 26 people, some of whom were yuestioned nore than one time.
In answering these questions, the investigation team determined
the most probable scenario and also determined the upper and
lower bounds for the assumptions as surmarized in the table
below.



Time detector in core 2 min.

Distance from hand to 7 inches 7 inches 7 inches
detector

Hand contact with detector 0 sec. 0 sec. 0.5 mec.
Hand in contact with cable

Most
Probable

Lowe~
Bouno

3 min. 5 min.

3 sec., 4 sec. 4 sec,

The findings of the investigation team with respect to the four
guestions and the conclusions regarding the assumptions used in
the dose calculations are discussed below.

1.

How Long was the TIP in the core?

People who were involved in the work associated with this
incident and others who were familiar with this type of work
were questioned. Those people most familiar with the TIP
operation stated that the TIP could not have been in the
core more than two to three minutes., Only one person
indicated that it could have been in the core as much as
five minutes.

Also, the dose recorded on the whole body badge
substantiates the assumption that the TIP was not in the
core for a much longer period. If the TIP had been in the
core for eight to twelve minutes as alleged by Mr. Dew, our
calculations show his whole body badge would have shown
between 1,000 and 1,200 mrem, In fact, tra whole body badge
registered 405, which is consistent with the TIP being in
the core for two to three minutes. For these reasons the
investigation team believes that the best estimate of the
time the detector was in the core was three minutes, with a
range of two to five minutes.

How far back from the detector did Mr. Dew grab the cable?

Following the incident, witnesses recalled that Mr. Dew
repeatedly stated that he grabbed the cable about 12" from
the detector and re-inserted it in the tube. However, in
reenactment of the incident, Mr. Dew grabbed the cable as
close as 7" from the detector. Consequently, for all cases,
it was assumed that Mr. Dew's hand was on the cable 7" from
the detector.



Rid Mr. Zew actually touch the TIFP detector?

Witnesses reported that in conversations with Mr. Dew
immediately after the incident and during the next

five days, Mr. Dew always stated that he did not touch the
detector, even when specifically asked. Alsc, during every
reenactment of the incident, he grabbed the cable, never
touching the detector. The technician who was working with
Mr. Dew during the incident stated that he did not see

Mr. Dew touch the detector. He stated that he saw Mr. Dew
re~insert the TIP and did not observe him touching the
detector. However, this technician said that alth.ugh he
did not see Mr. Dew touch the detector, he could not
absolutely state that he did not,.

About five days later, Tuesday, July 10, 19980, Mr. Dew
stated to one of the members of the coriginal investigation
team that he was now not sure that he did not touch the
detector. At this time he told the invertigator that he
could have touched the detector, but if "'e did, he just
brushed it before grabbing the cable. He demonstrated how
this was possible and the investigator timed him., DOuring
this reenactment, the time that Mr. Dew's hand was in
contact with the detector was about 0.4 seconds.

People familiar with this job and who had performed the job
numerous times thought that it would not have been possible
to grab the detector, release it, and then grab the cable.
The cable is on a reel that is spring~-loaded and would have
been pulling on the cable. They all indicated that if you
released the detector it would have retracted to the point
of completely winding up on the take-up reel. This is
further evidence that Mr. Dew did not touch the detector.
The investigation team feels very confident that based on
the evidence, Mr. Dew did not touch the detector and that
was the assumption used in calculating the most probable
dose to his hand. However, in calculating the upper bound
of the dose, it was assumed that his hand was in contact
with the detector for 0.% seconds.

How long was Mr. Dew's hand in contact with the
cable/detector?

Immediately following the incident, Mr. Dew repeatedly
stated to management and HP personnel and demonstrated that
his hand was in contact with the cable thrie seconds.
Several times he demonstrated how he ci.abhbed the cable and
re~inserted it in the time required to count "1, 2, 3."
puring timed reenactments of the incident Mr. Dew always
took three seconds or less to re-insert the TIP. However,
later Mr. Dew indicated to one of the investigators that he,
on his own, had attempted reenactment and he thought that it



might have taken longer than three seconds, maybe about four
seCOnis. Based on this last statement and to be
conservative, the investigation team recommends using

four seconds for the most probable time and three seconds
for the lower bound. For the upper bound the four seconds
in contact with the cable should be used; but as previously
stated, it is also assumed that his hand was in contact with
tne detector for 0.5 seconds.

vﬂgg‘/( (4 \ (, S:
1) 33 o



Attachment 11

Independent Evaluation of Dose Calculations



THE
ALEXANDER

ORACRATION

November 19,1590

Stephen A. Browne

Principal Specialist - Health Physics
carolina Power and L.ght Company

P.0. Box 15851

Raleigh, NC 27602

Jear Mr. Browne:

At the reguest of Billy Webster, CP&L, 1 have reviewed your
ralculations of the dose received by the left hand of a CP&L
employee on July 5, 1990. Details regarding this incident and the
calculations appear in the document °*Brunswick TIP Incident Dose
Calculations* that you recently sent to me.

Regarding the gamma dose, which is only a small percentage of the
total, I obtained and examined the Grove Engineering computer
program MicroShield that was used for this calculation. The
program is tecnnically sound and is widely used in the nuclear
power industry. The manner in which the program was used is
correct. The best-estimate gamma dose at a tissue depth of 0.0Q%
cm (about 1.4 rem) may be considersbly overestimated since no
correction for lack of electronic equilibrium at this depth was
included in MicroShield. I discussed this problem with Dr. Daniel
Reece, Texas A&M University. He is sending information to me
regarding work on corrections of this type that has been completed
at Battelle Northwest Laboratories. It may be feasible to make the
correction if you so desire.

During my visit with you at Brunswick we carefully reviewed your
calculation of the beta dose, which resulted in a best estimate of
about 9.2 rems. Your use of equation 24 from WM;M%
Hine and Brownell, appeared to me to be technically sound. e
only reservation I had was about the manner in which the correction
for self absorption by the source (cable in this case) is made by
this equation. In a subsequent meeting that I attended with you,

Mr. John Potter of the NRC requested a verification of your result;
and at the request of CP&L I have conducted a rather thorough

study.

of{

i3131 w—rm—pmmzm -
Teiephone (703) 631-8878 Telefax (703) 631-8642




iy first CcOUNTAaCT wap with Sydney FPorter who nas Seveloped »
smputer program for performing beta dose calculations. This
program i3 based on tables published by W, G, Cross Nalk River
WpOracories “Tables f Reta Ray Dose Daistridution in water Alr
@ Cther Media ECI i B niort atel e capabiality
rter’'s program .: imited to infinitely thin plane source
erms IO0r which the Jquestion f beta &absorpticn Ly Lhe ource
8.1 @8 not araise. “owever yOu had indicated to me that the
rrection provided by the Hine and Browneldl equation was .2 thus
he results of Porter's equaticn, multiplied by 0.5 ould provide
r ciamate that ould e mpared with YOurs
ing e Mn-5¢ tal able ctivity @ £ $.241 : hat you
rovided, the exterior cable circumference C of 785 inches, a
gngth L £ & feet, and a thicknessg ¢ . A0 G Bt nches for the
aple snd an infinite thicknes: T of 2 mm for 2.85-MeV betas in
Ieh, L estimated an infinitely thin source term oL ULV ULl /T &b

ne necessary input f[or Porter’'s program. The 10.l.0wWing equation

va g uUSeQ:!

The ratio T/t eliminates Mn-56 that does nc* contribute to the

rface dose rate. An activity distribution e or was ¢f necessity
wintroduced in the conversion of the actual hollow c¢ylinder teo a
rectangular plane. However, ! believe the dose to the maximally
exposed square centimeter of skin would be approximately the same

from either geometry.

Jsing the previously mentioned input the following results,
multiplied by 0.5 as in the case of the Hine and Brownell equation,
vere cbtained:

Depth (mg/cm*) Dose Rate (rads/sec)

ding the depths, a density of 1 g/cm’ was used for the rubber
ves worn by the exposed person (92 mg/cm*) and for tissue (7
em*). For an exposure of 4 seconds at 99 mg/cm*, as used for
ur calculation, the estimate would be 9.2 rads. This result 18



rhe same a8 obtained from the Hine and Erownell egquestion. Tt adde
confidence in your result but does not investigate the accuracy of
+he Hine and Brownell self-absorption correction.

To investigate the self-absorption phenomencn I contacted Dr. F. H.
Attix, wno recommended a Monte Carlo simusation using a code
written at the University of Wisconsin under the supervisicn of Dr.
™omas F. Mackie. Dr. Mackie agreed to perform the calculation,
Jsing input cata that I provided in a letter approved by you and
iated October 24, 1990, Attachment 1. His results were sent to me
~n Novemper .2, 1990, Attachment 2. At 100 mg/cm* the dose rate 18
shown to be 131.5 rads/sec per Ci of Mn-56 per gram of iron, with
5 stancdard deviation of 9.2 rads/sec., The dose rate associated
with a specific actavity of 0.0189 Ci/gm is 2.48% rads/sec. For a
4{-second exposure the dose would be approximately 9.9 rads.

The Hine and Brownell eguation was developed before current Monte
“arlo methods were computerized and does not account for self
absorption with the accuracy of the Monte Carlo simulation. For
~mis reason ! recommend acceptance, for purposes of compliance
demonstration, of the 9,.9-rad beta dose estimate at a tissue depth
of 7 mg/em*, the depth required by 10 CFR Part 20. For purposes of
rhe CP&L medical record, ! recommend recording also the dose at a
rissue depth ~i 40 mg/cm’, the depth at which the cells at risk
(the basal cell layer) are likely to be located (ICRP Report 23).
At a total depth of 150 mg/cm', Dr. Mackie reports a dose rate of
110.1 rads/sec per Ci/gm, which would be 2.08 rads/sec from the
cable. Thus the recorded beta dose would be 8.3 rads. If the
actual depth to the basal cell layer is desired, it may be possible
ro obtain it through examination by a dermatologist. Recomputation
of the dose might then be in order.

Please note that my analysis did not include eview of assumptions
such as the neutron irradiation t°'.e for che cable in the reactor
sore, the activation determinati~n, or details of the exposure such
rhe location of the hand on th« source and the time of exposure.

Please call on me if I can b: of further assistance.

Sincerely,

Robert E. Alexander

Enclosures:
Attachment 1, letter to Mackie
Attachment 2, response from Mackie

ce: J. Michael McGarry
winston and Strawn



T TATE FETE T ONETT W R W N Y DRSS — A - I

CQRFCRATON

October 24, 1990 ,g/zy/%

Dr. Thomas R. Mackie
Department of Medical Physics ‘Bob
University of Wisconsin / ood — P’Q‘Sg
1300 University Avenue ‘Th.‘s )ooks J ;
Room 18530 also Seneli
Madison, Wisconsin 53706 ?YDCth/- I am 1CRP LY :

45 .Frw '
Dear Dr. Mackie: Y'“ Z “5 Sﬂ

Ve wne,

In connection with our recent discussion about a Dbete
radiastion skin dose calculation that you expressed willingness to
perform, I am pleased to say that my client has authorized the
work., To expedite the sdministrative aspects, the work will be
performed for my corporaticn; and your invoice should be directed
to me at the address shown on the letterhead.

The information that you will need is provided below:

The radionuclide is Mn-86.

The Quantity to be used is 1 Ci.

The radionuclide 4is an activated impurity uniformly

distributed in an Fe slab of infinite area and of thickness

greater than the range of the maximum Mn-56 bets (2.85 MeV).

4. The beta dose rate is to be calculated in units of rad/sec.

$ Exposure configuration: the palm of the hand is pressed
against a flat Fe slab.

6. The beta dose rate is to be provided at the absorber depths

1incod, below, assuming for each depth an absorber density of

1 g/em’s

G R -

- - .

0 mg/em?
3
89
114
129

I will be expected to provide a report to my client in
sufficient detail to satisfy any regulatory and legal needs that
may arise. For this reason I would appreciate receiving from you
& brief description of the computer program you will use. The
target audience for this description would be health physics

= 3 o= omN

13131 Maltese Lane ¢ Fairfax, Virginia 22033
Telephone (703) 631-8878 Telefax (703) 631-8642




RET 88~ 20 VWRP 2V IAS. ... ..

personnel employed by the Nuclear Regulatory Commission (NRC). A
copy of your CV would elso be beneficis. for this tile.

In sccordance with our telephone conversation, I rave informed
my client (1) that the calculations will be performed by you or
under your direct supervision and that the results will be
suthenticated by your signature, (2) that the fee will be based on
& rate of $100 per hour, or $500 per day if the time requirement is
more extensive, and (3) that 1 day might be & good estimate for the
calculation as I described it over the telephone.

I am very happy to have this opportunity to work with you. My
friend Frank Attix has spoken ve highly of your cepability and
standing in the beta doeimetry field; it is very fortunate that you
are in the positicn to help us at this time. The NRC has requested
a dose report from my client within 2 weeks, and it is
understanding from you that this schedule is compatible with the
amount of time you are likely to need,

Flease call me if sdditional details regarding the exposure
are needed for your calculationu,

Sincerely,

Robert E. Alexander
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Nov. 12, 1990

Robert E. Alexander

The Alexander Corporation
13131 Maltese Lane
Fairfax, Virginia 22033

Dear [’r. Alexander,

Find enciosed the results of a Monte Catlo simulation involving an exposure from 3~ particles
emitted from **Mn. | apologize for the delay of the weekend, but we wanted to do some
additional tests of the simulation to verify that the simulation was free of any systematic

errors.

The Monte Carlo code used was EGSd (Electron Gamma Shower Version 4) originally writ.
ten by Ralph Nelson end colleagues at the Stanford Linear Accelerator Center and modified
and benchmarked for low energy transport by David Rogers and colleagues at the National
Research Council of Canada. The specific user code is called XYZDOS was written by David
Rogers and Alex Bielajew and modified. under my supervision, by Mark [Holmes to model
radioactive sources. Collaboration was also provided by two other students: Tim Holmes and
Douglas Simpkin. As agreed during our telephone conversation additional documentation de-
seribing this code can be supplied by us, however, EGS4 is widely described in the literature
(eg. Nucl. Inst. and Methods, Medical Physics, Phys. Med. Biol.)

" | addition to the specific details of the simulation we conducted several tests of the code to
ensure its correctness. Specifically we:

o tested that energy was being conserved for different numbers of histories (simulated
particles)

o tested that for conditions of charged particle equilibrium that the simulated dose rate
in homogeneous water and Fe phautoms agreed with the equation:

dD - vy
(==)s = —=T;(Ap-)

dt M

Depanment of Midncal Phvsics

1530 Medical Sciences Center 1300 University Avenue  Madison. Wi 85706 £08/262-2170



where ( ‘f), is the dose rate, {; is the activity per unit mass and (A 4- ), is the equilibrium
dose rate constants for bins describing the beta spectrum for ** Mn, the sum of which
is the mean energy of beta particles per decay (0.832 MeV or 4.91 107 g - rad/(Ci - 8).

e ensured that the 5~ were being enutted umformly in the source region and isotropically
distributed in direction.

According to your specifications of the problem cutlined in your FAX of October 21 and in our
telephone conversations we simulated the geometry described by the accompanying diagram.
Briefly, it consists of a 12 cm > 12 cm slab of iron (density = 7.86 g/em’) that contains a
uniform isotropically emitting source of *Mn, The thickness of the slab is 0.5 em which is
greater than the range of the betas in iron. The scoring region consisted of 20 slabs 8 em x
& em by 0.01 cm thick centered beneath the Fe slab. The scoring region was surrounded by 2
cm of water to the sides and 1.8 cm of water below to ensure scatter equlibrium to the scoring
region. Only the dose from beta particles was simulated (the dose from gamma or internal

bremsstrablung is not to be included).

The tabulation of Browne and Firestone (enclosed) was felt to be too coarse so the beta
spectrum of **Mn was obtained from Douglas Simpkin using a code described 1n the literature
(Simpkin and Mackie, Med. Phys., 1090). It consisted of 49 spectral bins and & plot of
the spectruin is enclosed including a comparison with Browne and Firestone. The shnulation
counsisted of running 1000 simulated decays for each of the 49 bins for a total of 49,000 histories.
The probability of emission from eacl of the bins (as expressed in numbers of histories per
10,000 decays) was used to weight histories starting from each of the bins. The simulation

was run on a Sun Sparcstion-1 computer.

The dose rate per C'i /g dD/dt for any of the scoring region slabs was obtained (rom the following

(A/M)
equation:
dD/dt A . . 100rad Damc{("'/'
- esa———— . C‘ ' = 3‘ » 10 | e ¢ " et ———
(A/M‘;{Md g/(C'i-s) T % 10'°Bg/C1 e .0 J— e

where D,.ore|Gyl is the dose in Grays scored in a water slab, M,oueee (9] is the mass of the
source region in grams which was 565.9 g, and Ny 15 the number of simulated decays in the

source region.

For the particular geometry used the following equation is more convenient:

2
&



dD/d' : 'rnd.g,:‘((".'," D"”.’ o
A o)) = 2.00 x 10 |- Gy/decay]
775 i bt I o iy

The tabulated and graphed resulte are enclosed. The dose rate in rad/s per ('i/g from beta
particle emission in the first scoring region past the interface (the interface is located at 0.5
em) is 2.49 x10* g - vad / (Ci - «) and rapidly falls to values between about |.2 to 0.6 x10?
gorad / (Cios)at 0.1 em to 0.2 em past the interface, respectively The percent statistical
uncertainty (100 » standard deviation/value) is typically less than 5%,

The value near the boundary is within 2 % of what one would expect from the simple dosimetric
approximation of assuming an equilibrivm spectrum of betas from a semiainfinite siab source
(i.e. half the equilibrium dose rate or *2 x10* g - rad/(Ci - s). This is fortuitous for twe
reasons. The accuracy of the simulation is not within 2%. The simple analytic estimation
is very crude. Including the ratio of mass collision stopping powers between water and iron
would have increased the crude estimate by about 30 to 40% and including the lack of an
equilibrium scatter would tend to decrease the result by & similar amount. Of course the
Monte Carlo simulation takes both of these effects into accoun’ implicitly.

This report is being sent by FAX, but will be followed up with a ietter that will include a
longer run with less uncertainty. At that time, [ will also include the raw output from the
Monte Carlo sitnulation which lists some of the details of the particle transport and a reprint
of the Simpkin and Mackie paper. | nope tha! you find these results useful and please iet me
know if you have any other questions or concerns.

Accompanying the letter wili be an invoice from the UW Medical Physics Department for
$2,000. It will fund for travel expenses for graduate students working in our radistion dosinie-
try research group.

Bes\ regards. Yours sincerely,

Z Lokt

T.R. Mackie
Assistant Professor
(608) 262-7358
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ce. Mark Holines, Tim Holmes, Douglas Simpkin
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Dose/Dis Dose/Dis Center Dose Rate Dosc Rate |0, ©o® decey

St. Dev. St. Dev.
Lim
§ L § sad
(*10°=13) ( % (em) Cis Cis
2,090 0.3 0.050 437.6 1.3
2.307 0.5 0.150 463.1 2.4
2.319 0.4 v.250 485.6 1.9
2,326 0.2 0.350 487.1 9.7
2.339 1.2 0.405 459.8 5.9
2.344 % 0.415 4%0.9 5.9
2,331 Lol 0.425 488.1 5.4
2,325 1.9 0.43% 486.9 1.2
2.214 1.8 0.445 476.2 8.6
2.230 1.4 0.455% 467.0 5.9
<.095 0.8 0.465 438.7 3.5
2,014 0.5 0.47% 421.7 2.1
1.794 1.4 0.485 375.7 5.3
1.395 1.6 0.495 292.1 4.7 Fe
1.182 1.8 0.505% 247.5 4,5 Weater
1,049 1.6 0.£15 219.7 3¢9
0.9684 1.2 0.525 202.8 2.4
0.9039 1.5 0.535 149.3 2.8
0.8483 2.0 0.545 177.6 3.6
0.7894 1.3 0.555% 165.3 % |
0.7425 1.9 0.565 158.% 3.0
0.7072 2.6 0.57% 148.1 3.9
0.6642 247 0.585 139.1 3.8
0.6279 3 0,595 131.5 3.0
0.5963 2.5 0.605 124.9 3.1
0.5448 2.8 0.615 114.1 3.2
0.5257 1.9 0.625 110.1 P |
0.4889 2.2 0.635 102.4 3
0.4702 3.5 0.645 98.5 3.4
0.4542 3.8 0.655 95.1 3.6
0.4236 2.4 0.665 88.7 2.1
0.4062 2.9 0.675 85.1 é:9
0.3825 4.2 L.685 80.1 3.4
0.3636 4.4 0.695 76.1 3.4
0.2741 3.3 0.750 57.4 1.8
0.1564 3.4 0.850 32.8 8 |
0.08974 3.4 0.950 18.79 0.64
0,04546 6.0 1.050 9.52 0.57
0.02002 6.3 1,150 4.19 0.26
0.01070 12.0 1.250 2.24 0.27
0.005174 15.2 1,350 1.08 0.17
0.003473 22.5 1.450 0.73 0.16
0.002705 35.4 1.550 0.57 0.20
0.001906 17.2 1.650 0.399 0.069
0.002143 33,1 1.750 0.45 0.1%
0.001395 37.7 1.850 0.29 0.11
0.001403 41.9 1.950 0.29 0.12
0,000654 45.8 2.050 0.137 0.063
0.0017)8 14.6 2.150 0.360 0.053
0.001507 22.3 2.250 0.316 0.070
0.001719 32.7 2.350 0.36 0.12
0.000666 39.6 2.450 0.139 0.055
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1 NRCC TISER CODE ICTDOS (V1.0) USING EGS4 AND PRESTA

GEOMETRY IS5 A RECTILINEAR VOLUME, ORIGIN 1./ BOTTOM LEFT,X-Y PLANE ON
THE PAGE AND Z AXIS INTO THE PAGE

“ L N L]

TITLE: + The dose to big cube of water perfused with a Mg-56 source spectrum

------------------ i i T S S SRR ——

NUMBER OF MEDIA: + 2 gk
MEDIUM 1: + FE b ;
MEDIUM 2: + H2082) | ™av
ECUT, PCUT, ESTPE(1 to 2): + 0.818 0.518 0.020 0.020
§ REGIONS IN X,Y,2 DIRECTIONS (IF<0,IMPLIES # GROUPS OF REG): + 3 3
INPUT BOUNDARIES IN THE X DIRECTION
SMALL BOUNDARY FOR BEGION( 1) + 0.000
SMALL BOUNDARY FOR REGION( 2) =+ 2.000
SMALL BOUNDARY FOR REGION( 3) + 10.000
OUTER BOUNDARY FOR FEGION( 3) + 12.000
INPUT BOUNDARIES IN THE Y DIRECTION
SMALL BOUNDARY FOR EEGION( 1) + 0.000
S5MALL BOUNDARY FOR REGION( 2) + 2.000
SMALL BOUNDARY FOR REGION( 3) + 10.000
OUTER BOUNDARY FOR REGION( 3) + 12.000
INPUT BOUNDARIE> IN THE 2 DIRECTION
INITIAL BOUNDARY: + 0.000
WIDTH IN THIS GROUP, NO. OF REGIONS IN GROUP: + 0.100 4
WIDTH IN THIS GROUP, NO. OF REGIONS IN GROUP: + 0.010 30
WIDTH IN THIS GROUP, NO. OF REGIONS IN GROUP: + 0.100 18
BOUNDARIES
0.000 0.100 0.200 0.300 0.400 0.410
0.420 0.4230 0.440 0.450 0.460 0.470
0.480 D.490 0.500 0.510 0,520 0.530
0.540 0.550 0.560 0.570 0.580 0.590
0.600 G.610 0.620 0.630 0.640 0.650
0.660 0.670 0.6890 0.690 0.700 0,800
0.300 1.000 1.100 1.200 1,300 1.400
1.500 1.600 1.700 1.800 1.900 2.000
2.100 2.200 2.300 2.400 2.500

0TOTAL # REGIONS INCLUDING EXTERIOR = 469
OINPUT GROUPS OF REGIONS FOR WHICH DENSITY AND MEDIUM ARE NOT DESAULTS

LOWER, UPPER I, J, K, MEDIUM, DENSITY+( 1 3¢ 1 3 A AR R ¥ 1 7.860
Th;nga have been forced to comply with the following geometry

I=),  3,0=1..3,K=1..14 rho=7,86 med=l1 (Fe)~

I=1, 3 J=1..3,K=15, 52 rho=1.00 med=2 (H20)_
LOWEF,, UPPER 1, J, K, MEDIUM, DENSITY+( 1 3)( 1 Jyt 3 32) 2 1.000
Thinqs have been forced to comply with the following geometry

Isl, . 3,0=1. K=1,.14 rho=7 .86 med=l (Fe)~

I=1,.3,J0=1, .%,x=1s..ﬁ: rho=1.00 med=2 (H20)-

LO“ER.UPPER I, J, K, MEDIUM, DENSITYOINPUT GROUPS OF REGIONS FOR WHICH ECUT AN
LOWER, UPPER I, J, K, ECUT, PCUTOENTER 3 PAIRS DEFINING LOWER,UPPER X,Y,2 INDIC
FOR WHICH RESULTS ARE TO BE OUTPUT- IZSCAN NON-ZERO FOR 2~ SCAN/PAGE

ONE SET OF 6 PER LINE, END WITH ALL ZEROS

+ 2 2 2 2 1 52 1
MED IUM AE AP
FE 0.8521 0.010
H20521 0.521 0.010



.

1000

0

0.99

Now for the Source data

0

Number of Sources = 49
ID$ | ENERGY | INTENSITY | CHARGE
1 I 0.028 | 405,000 | -1
b | 0.085 | 454 000 | -1
2 0.342 . | 486.000 | -1
d | 0,199 | §02.000 | -1
5 | 0.2856 | £04.000 | =1
6 | 0.313 | 497 .00n | -1
7 | 0.370 | 482.000 | -1
B | 0.427 | 456,000 | |
9 | 0.484 | 423.000 l -1
a4 0.541 i 384.000 | -1
1 RS 0.598 | 343.000 | w1
1% 0.655% | 305.000 | -1
& T 0,738 Y 273.000 | =1
14 | 0,769 | 249.000 | =3
15 | 0.826 l 228.000 | -1
g = ) 0.883 | 208.000 ' -1
17 | 0.940 i 193.000 I -1
18 | 0,997 | 185,000 | =1
19 I 1.084 | 184.000 | -1
20 | » R N B | 186,000 i -1
21 | 1.168 | 186.000 | =1
22 | 1.285 | 186.000 | =1
23 | 1.282 i 185.000 | L |
24 | hegad 1 183.000 | -1
5. 1,396 | 180.000 | =1
26 | 1.4838 | 176.000 | -1
- 3 A | 1:510 | 172.000 | -1
28 | 1.567 | 166.000 | s |
29 | 1.624 | 160.000 | -1
30 f l1.681 | 154.000 { -1
31 i 1738 | 146 000 4 -1
38 7 1.798 | 138.000 | =1
. £ e 1.88%52 | 138,000 | -]
34 | 1.909 | 121.000 -1
8% 1,966 | 112.000 | -1
36 | 2.023 | 102.000 | =1
37 | 2.079 | 893,000 | o &
a8 | 2,136 | 83.000 | -1
3% o b1 . DO 73.000 | -1
40 | c-280 | 64.000 | -1
41 | 2.307 | 54.000 | -3
42 | 2.364 | 45.000 | -]
43 | 2.421 | 37.070 | -1
44 | 2.478 | 29.000 | =1
45 | 2.535 | 21,000 | -1
46 | 2.592 | 15.000 | -1
47 | 2.649 | 9.000 | L |
48 | 2.706 | 5.000 i -1
49 | 2a08S 2,000 | =1
The number of Source ions = )
SREG# | X LOW | X U Y LOW | ¥ UPP |
1 0.000 12. 6 0.000 12.000
2 0.000 12 .04 0.000 12.000
3 0.000 12.000 0.000 12.000
4 0.000 12.000 0.000 12.000
) 0.000 12.000 0.000 12.000
6 0.000 12.000 0.000 12.000

Z LOW

(ol e lelele)

0

| 2 UPP

.000
.000
.000
.000
.000
.000

OCOCOoO0O

RHO

.500
.500
.500
.500
.500
.500

i e

.

CO0CO0O0O
COO0O00O

D

bW



0.000
0.008
D.DDD
0.000
. 000
.000
000
. 000
.000
000
.000
.000
. 000
000
.000
.000
.000
.000
000
.000
. 000
.000
000
000
.000
.000
, 000
. 000
. 000
000
000
.000
.000
.000
. 000
.000
000
.000
.000
.000
.000
.000
000

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

End of the Source data

Req:
CPUTIME

Reg:
CPUTIME

Reqg:
CPUTIME

Reqg:
CPUTIME

Reg:
CPUTIME

Reg:
CPUTIME

1 Bnds (XY2) = (

SO FAR=

2 Bnds (XYZ) = (

SO FAR=

3 Bnds (XYZ) = (

SO FAR=

4 Bnds (XYZ) = (

SO FAR=

5 Bnds (XYZ2) = (

S0 FAR=

6 Bnds (XYZ) = (

S50 FAR=

"
o
o

(S R0 R0 FT.00
o000
o000

HH'—‘O—'O—'NHPHPHHPHHHHHN&JHMHHHH!-‘HMMPNHHO—'HHHH&—‘
= o = s

o

o

.500
.500
.500
. 500
.500
.500
500
500
.500
500
.500
.500
500
500
500
500
.500
.500
500
.500
.500
. 500
.500
500
500
500
.500
.500
.500
500
.500
.500
500
500
500

OOOOOOOOOOOOOOOOOOOOOOQOOOOOOOQOOOOOOOOQOUO

000) (

000) (

00n) (

.000) (

.000) (

000) (

12.000 0,000 12.000 0.000
el D00 D.ODD 222000 0 .o
12. oo 0.00DD A2.000 D.DDy
2.000 0.000 12.000 0.009
12.000 0.000 12.000 0.000
12. 00 0.000 12,000 0.000
12.000 0.000 12.000 0.0C0
12.000 0.000 12.000 0.000
2.000 0,000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0,000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12,000 0,000 12.000 0.000
12.000 G.00u 12.000 0.000
12.000 0.060 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 ¢.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12,000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12,000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
12.000 0.000 12.000 0.000
-..'..---..-..I----.--.-.--'.ﬂ-.--.-.-.,---.n-.-.-----.
0.000 12.000) ( 0.000 12.
8.380 s
0.000 12.000) ( 0.000 12.
31.940 s
C.000 12.000) ( 0.000 12.
79.640 s
0.000 12.000) ¢ 0.000 12
141.130 s
0.000 12.000) ( 0.000 12
214.040 s
0.000 12.000) ( 0.000 12.
296.770 s
0.000 12.000) ( 0.000 12

Reqg:
CPUTIME

7 Bnds (XY2) = (

SO FAR=

388.

450 s

.000) ¢

.000

,000

.000

.000

.000

.000

.000

0.500)

0.500)

0.500)

0.500)

0.500)

0.500)

0.500)



Reg: 30 Bnds (XYZ)=( 0.000 12.000) ( 0.000 212.000) { 0.000 L.5084
o 4 S0 Fhie A5 650 &

Reg: 31 Bnds(XYZ)s=( 0.000 12.000) ( 0,000 12.000) ( 0.000 D.35OM
CPUTIME 50 FAR= 5000.520 ¢

Peg: 32 Bnds ‘XYZ)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME 50 FAR= $284.130 s

ro

Reg: 33 Bnds (XY2)=( 0,000
CPUTIME S50 FAR= 5573.400 s

.000) ( 0.000 12.000) ( 0.000 0.500)

o

L8 ]

Reg: 34 Bnds (XY2Z) 0,000 1

= ( .000) ( 0.000 12.000) ¢( 0.000 0.500)
CPUTIME S50 FAR= $873.300 s

Reg: 35 Bnds (XY2) = ( 0.000 12.000) ( 0.000 12.000) ¢ 0.000 0.500)
CPUTIME S50 FAR= 6178.250 s
Reg: 36 Bnds (XYZ2)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME SO FAR= 6486.600 s
Reg: 37 Bnds (XYZ)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME S50 FAR= 6800.400 s
Reg: 38 Bnds (XY2)=( 0.000 12.000) ( 0.000 12.000) ¢( 0.000 0.500)
CPUTIME S0 FAR= 7130.080 s

Reg: 39 Bnds (XYZ)=( 0.000 12.000) ¢( 0.000 12.000) 0.000 0.500)
CPUTIME 50 FAR= 7458 .410 =

Reg: 40 Bnds (XY2)=( 2.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME 50 FAR= 7798.110 s

Reg: 41 Bnds (XYZ)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME SO FAR= B144.020 ¢

Reg: 42 Bnds (XYZ)=( 0.000 12.000) ( 0.000 12.000) ¢ 0.000 0.500)
CPUTIME 50 FAR= 8499.689 s

Reg: 43 Bnds (XY2)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME SO FAR= 8859.131 s

Reg: 44 Bnds (XY2)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME §£0 FAR= 9228.939 s

Reg: 45 Bnds (XY2Z)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.509)
CPUTIME S50 FAR= 9598.320 s

Reg: 46 Bnds (XYZ)=( 0.000 12.000) ( 0.000 12.000) ( 0.000 0.500)
CPUTIME S0 FAR= 9967.270 s

R6g: 47 Bnds (XYZ)=( 0.000 12.000) ¢ 0.000 12.000) ¢ 0.000 0.500)
CPUTIME S0 FAR= 10352.180 s

ne D, Pnds(X¥YZ)=( 0.000 12.000)( 0.000 12.000)( 0.000 0.500)
CPUTIME SO FAR=  10743.280 s
Reg: 49 Bnds(XYZ)=( 0.000 12.000)( 0.000 12.000)( 0.000 0.500)
CPUTIME S0 FAR=  11136.439 s
OTOTAL CPUTIME FOR SIMULATIONS= 402.7 8 = 0.112 hr
Lyt nndn Ty fo
TOTAL ENERGY DEPOSITED IN VOLUME per DECAY = 0.8073E+00 w e 210 Onwetl
petés 7/



a4 Tl ormes v top cude F aeEtev petfomes siih s eSO aenmme SpGRImR

XYZ (V01) DOSE OUTPUTS Gy/ Disintegration

FOR X= 2.000 TO 10.000 I= 2
OYBOUNDS: 2.000 10.000
ZBOUNDS ( 0.000)
1.100 1 2.0B9E-13- 1.4%
0.200 2 2.329E-13- 2.,2%
0.300 3 2,292E-13~ 1.B%
0.400 4 2.397E~13- 1.7%
0.410 § 2.292E~13~- 13,2%
0.420 6 2.336E-13- 3,04
=, 0.430 7 2,207E~13- 2.4%
0.440 B 2.262E~13~- 4.6%
0.450 9 2.1B1E-13~ 3.5%
0.460 10 2.130E-13= 3,5%
0.470 11 2.179E-13- 4.4%
0.480 12 L.005E-13~ 3.6%
0.490 13 1.B42E-13- 3,5% :
0.500 14 L Al3Bsdaei 55 T 3 ’
W.510 15 1.190E~-13~- 6.3 §9 X e o
0.520 16 1.119E-13- 7.1%
0.530 17 1.017E-13- 5.6%
0.540 18 9.545E~14- 6.4%
0.550 19 B.948E-14- 5.6%
0.560 20 R.297E~14~ 7.7%
401 9870 21  7.429E-14- 4.2%
Wwilo.s80 2 6.767E=14~ 7.4%
0.590 2 6.45BE~14~ 6.9%
0.600 24 EL.284E-14- 7.1° it ni =i
0.610 25 8 662E-14- 8 ;X oy
0.620 2 5. 750E~14~ 7.2%
0.630 27 ©&.25BE-14- 8,3%
0.640 28 S.470E-14~ 7.3%
0.650 2 4.939E~-14~ 7.6%
0.660 30 4,703E-14- B8.2%
0.670 31 4.712E<14- 7.7%
0.680 32 4.263E-14- 8.7%
8.690 33 17E~14~- 7,35% |
,700 34 (4. = e 2
0.800 28 i:i.. %— 4:-::@. Y10 v
0.900 36 1.B33E-14- 9.7%
1.000 37 9,706E-15-18,3%
1,100 38 4.820E-15-12.0%
1.200 239 1.730E-15-22.7%
1.300 40 7.569E~16~26.0%
1.400 41 4.322E-16-30.5%
1.500 42 1.410E-16-40.1%
1.600 43 6.851E-17-64.2%
1.700 44 4.36BE-17-81,8%
‘ 1.800 45 B8.024E-17-58.8%
{ 1.900 46 1.7B6E~1 =57.1%
W 2,000 47 7.528E-17-73.6%




48
45
50

51
52

3.085E~16~56.0%

2. 45B16~6i. 24
1.0DER~16-96.44%

1,452E-16=-85.0%
1.463E~17-99,9%
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MONTE CARLO AND CONVOLUTION DOSIMETRY
FOR STEREOT ACTIC RADIOSURGERY

SHRIKANT S, KuBsaD. M.S.. T. RoCt WeLL MACKIE. PH.D.. MARK A. GEHRINC BS..
Davip J. Misisco. M.S.. BHUDATT R. PALIWAL. PH.D.. MINESH P. MEHTA. M.D.
AND TIMOTHY J. KINSELLA, M.D.

Depaniments of Human Oncology and Medical Physics. University of Wisconsin Medical School. Madison. W1 53792 USA

The dosimetry of small photon beams used for stere >tic radiosurgery was investigated using Monte Carlo
simulation. convolution calculations. and mensurements, A Monte o vrio code was used to simulate radiation transport
through a linear accelerntor 10 produce and score energy spectrum and a2 dar distribution of 6 MV hremsstrahlung
photons exiting from the accelerator trestment head. These photais were 1,0 transported through & stereotavtic
collimator system and into a water phantom placed at isocenter. The energy spectrum was also used as input for
the convolution method of photon dose caleulation. Monte Carlo and convolution results were compared with the
measured data obtained using an onization chamber, a diode, and film.

Monte Carlo, Convolution, Small beam photon dosimetry, Stereotactic radiosurgery.

INTRODUCTION

Stereotactic external beam radiosurgery was initiated by
Leksell in Sweden in (951 (15, 16). Since then. radiosur-
gery has been performed with X ravs. protons. heavy
charged particles, and gamma ravs. The method involves
dehivery of a high radiation dose 1n a single fraction to a
small intracranial target. Leksell’s work led to the devel-
opment of the commercially available Gamma Knife uni
which consists of 201 *"Co v-rav sources. The Gamma
Knife has been widely used to treat artenovenous mal-
formations and brain neoplasms. Using a proton beam.
Kiellberg er al. have treated and lollowed several patients
with artertovenous malformations and have analvzed the
post-treatment cure and complications (1 1. 12). Thev also
established a correlation between dose and beam diameter
10 predict post-treatment complications.

Recent developments have led to the conversion of lin-
ear accelerators into stereotactic tools. The use of a linear
accelerator for radiosurgery 15 gaining popularity over the
Gamma Knife manly because linear accelerators are
available in most medical centers pracucing conventional

radiation therapy and are cost-effective. The use of a linear
accelerator tor stereotacuc radiosurgery and its advantages
over other approaches have been discussed elsewhere (3,
8.9, 10.17.26. 31). Since stereotactic radiosurgery delivers
high doses of radiation in a single fraction to a small warget
volume (the radiation held sizes are tvpically from 0.5
em to 4.0 ¢cm in diameter), accurate dosimetry and tees:.
ment planning are cntical 1o the adaption o1 a linear ac-
celerator for radiosurgery.

There are two principal concerns in the dosimetry of
smail beams: the presence of lateral electronic disequilib-
num and steep dose profiles. lon chambers cannot predict
with sutficient resolution the dose in the penumbra which.
for the smallest held sizes. extends to *he central axis of
the field. Radiographic filim and diode «an provide better
spatial resolution but the film has a resp onse which vanes
with photon energy more than that o an ion chamber
and a well shielded diode. The energy v sponse effect could
be significant in broad beam photor dosimetry because
of the vanation in the photon ene gy from the central
axis to the edge of the field. This vanation in the photon
energy across the field is caused by the flattening filter

Presented at the 3ist Annual ASTRO Meeting, § October
{989, San Franasco, CA

Repnint requests to: Shrikant 8. Kubsad. M.S,. Department
of Human Oncology, K4/B100 Clinical Science Center. 600
Highland Ave.. Madison, Wi 53792 USA
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Sibata and Paul M. DeLuca, Jr.. who introduced him to the
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which hardens the photon beam more 1n the central pan
of the beam than in the penpheral region (22). However.
in a small beam the pholon energy vanauon across the
beam diameter can be neghgible.

I'he Monte Carlo and convolution methods can be used
to produce reiative dose distributions tree of energy re-
sponse artifacts and equivaient to the resolution ot diodes
and tlm isodensitometers (1 to 2 mmj. but in order to
do this. information such as the energy and anguiar spec-
trum of the incident photon beam 1s required. The Monte
Carlo method 15 used to produce such information and
to verify the aceuracy of the film and diode measurements,

METHODS AND MATERIALS

Vonte Carlo method

We used the Electron Gamma Shower Version d
(EGS4) (23) Monte Carlo code system 10 charactenze the
photen beam emerging trom the accelerator treatment
head. The energy spectrum of photons was used to pro-
Jduce a dose kernel for the stereotactic beam from mono-
cnergetc photon beam kernels generated in water (19).
I'he EGS4 Monte Carlo code 1s a general purpose coupled
charged-particle-photon transport simulation svstem that
can transport these particies in the energy range of a few
keV to GeV in heterogeneous media of arbitrary 3-di-
mensional complex geometry (23). Many authors have
demonstrated that very compiex and sophisticated sim-
ulations can be done using Monte Carlo methods code
(5. 813,714 22, 24, 25, 27. 39, 30}

We developed the user main program and geometry
packages to simulate the linear accelerator® treatment
head (LATH), the stereotactic collimating system (SCS)
and a semunhnite water phantom placed at the isocenter
(source-to-1socenter distance was (00 em). The user main
program drives the geometry package and the EGS4
Monte Carlo code to simulate particle transport using in-
teraction probability distnbution data generated by
PEGSH (Preprocessor for EGS4) (23). The user code sets
in motion photon histones (simulated photons) and
transports them until thev are absorbed or scuttered. The
energy and direction of charged panticles set in motion
and scattered photons are determined by the ECS4 code
svstem and subsequently transported as well. Charged
particles are transported in discrete steps dunng which
the particle 1s assumed to travel a straight line: however,
the energy {oss 1s scaled to account for increased path-
length caused by scatterning. The user code handles the
sconng (tabulaton of results for a history) of one or any
combinaton of type of particle, energy, position, and ¢'-
rection cosines (or photons and charged particles each
tume a particle m'eractuon or boundary crossing occurs.
Scoring also occurs following each charged parucle step.

Lagaber (990, Volume (Y. Number 4

The code follows each particle and 115 proseny vl &
escapes or its energy falls below a cut-off energy set by
the user 1o terminate the transport of that particle and
deposit 1ts remaining energy on the spot.

The schematics of a typical LATH geometry are shown
in Figure la, whereas Figure b illustrates the simulated
LATH geometry used in Monte Cario method. The di-
mensions and distances of the LATH were obtained from
the vendor and were venfied dunng a major servicing of
the machine. The primary. secondary, and stereotactic
collimators and moving jaws wert aimulated using con-
centric cylindnical slabs. The thiokness and radius of each
slab were carefully chosen to have the same surface area
as the actual LATH and to reproduce the divergence of
the radiation beam. The simulation used a senes of cy-
lindncal siabs stacked on one another to match closely
the profile of the flattening filter. We simulated both the
upper and lower moving jaws at the same level, The ste-
reotactic collimators were iead-filled cviinders of 15 em
in height with diverming circular holes of 0.5 cm to 4.0
om in diameter, and were attached to the hincar accelerator
head.

The SCS and stereotacuc base frame that mounts on
the accelerator couch base plate and other quality control
accessones’ were built 1o specihcations tor our linear ac-
celerator.®* We aiso aesigned and built a stereotactic

6 ARV Elecirons 6 MeV Elccirmmn

Pramary Colimator (W) PSR Py Tyttt
Targer (W)
Haching Matersal (CusAgy) P

Primary Collimator (W)

X Flanening Filter |
e |‘| & Aoy ) TR

tan O

c Par ¢
pe i
Seconaary N |
Cotlimagor 5 i
(g ] - |

Moving
Liws W) '
N N SR
TR
NNNY; Fa
Srereotacte i‘\ ] umuiation
Collimatorn (P \‘\Yi | RN Part 2
STM lon Chamber ==
T : | Water Phantom f b 1
{ 3 lsocenter | i {
} 100em: ; | |
| i ! ! |
J H atavs
a3} i

Fig. 1. (2) Schematics of the hingar acceierator treatment head.
(b) Simuiated lincar acceierator treatment head geometry used
in Monte Carlo calculations

* Clinac-2500, Vanan . ssociates, Palo Aito, CA.
" Physical Science Labe=atory, Umversity of Wisconsin,
Madison. Wi
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Mm ™ Weme Carie apation. The heam 15 collimated by g primary diverging
Shutativ collimator made of tungsten. The flattening filer 1S com.
M ‘%—M

i ECUT = 0521 Mey prised of an alloy containing steel ang other elemens. 1
( addition 1 making the fluence distribution more uniform.
p POUT « 0.010 MeV the ﬂalwnmg filter also produces low energy electrons and
Photons. The hegm Passes through g transmussion monitor

ESTEPE = (% of he electron Chamber ang s subsequently shaped by secondary jegq

ENergy at the hogmmn. of

Srp ¢ scored the energy spectrum and angular distribyion

orée My hremmmhlung photons in annular iogions of

SMaX - Smallest dimension 1.2, 3 and 4 M in radius in 4 plane perpendicular 1o

Rof the central axis a1 50 ¢m trom the target. The photon

NCASES « 2 i o, energy bin width of 0.25 MeV wys chosen 1o score the
“N__,;WE‘TL‘QL“L‘N\ CNErBY spectrum. For each feRIoN of interest (RO), he

' ESTM) air 1on Chamber which was weighted mean energy, and the photon mean angle of
9 monitor the radiation output. Thys incidence on the sconng plane wigh respect to the centra|
wd o veniy the dose delivery 10 the axis. were Calculated ip each energy hin

Simutation nart 2 simulation ol the SCS and water

“uon was carneq Outin two pans. Phantom The storeq Spectrum was used 1o choose the
mulited (he aceelerator head from Nl energy ang direction of photong transported from
'm of the moving jaws 1o Score the the bottom of the moving jaws through the SCS and in 4
aractenisiics (energy Spectrum ang cylindnical water phaniom placed at the isocenter (the
1 a plane perpendicuiar 1o the cen- source-to-surtace distance of the phantom was 100 cm),

charactensycs WEre stored for [ater The moving jaws were Included in the second part of the
part of the Simulation stang from Simulation 1o account for potental scatter from the bot-

he moving jaws. through the SCS, tom of the jaws and also 1o maintain the continuity pe.
dntom at the Isocenter, tween the two parts of the Simulation. [n each of the re.
ndation of the | 1TH As depicted 810ns, the mean energy deposition. the photon miean fly.
e electrons with a kinen¢ energy ence. the photan mean energy, and the photon mean

the vacuum window of the ac- InCident angle with respect to the central axis were cal-

Ungsten turgey Producing brems. Culated. The maximum dimension of the sconing region

AM passes through the hackmg was 0.2 em p any direction o ensure better resolution.
and gold alloy tor fast heat dis- especially for beam prohles n g water phantom

|

]

v»i !

[0‘ ;"‘ | -
3 | ]

b - 1

; 6 MV Photon Energy Spectrum B ‘.’ 1

1

4

EGS4 Monie Carlo Celeutation |

| . ladia) Range « ¢ 'm at 50 ¢m from the Target 4

i Fluence Waighieg Mesn Energy . 192 ¢ 004 Mav  “¥4
Energy Fluence Weighted Mean Energy « 278 s+ 007 Mev .k_‘
‘,‘, L. ..... -— M_u*ﬁm__'-nd__-—a—.C'—buMN-a%

2 3 4
Photon Energy (MeV)
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EGSY iransport and calculation parameters. The results
of Monte Carlo ssmulations are very sensitive 10 transport
parameters such #s the maximum relative energy lost in
an electron step (called ESTEPE in EGS4), the maximum
clection step length (SMAX), the eler-,n cutoff energy
(ECUT). and the photon cutotf energy (PCUT) (4. 5, 14,
27, 28. 29). Additionally. the total number of histones
transported per simulation (NCASES) dictates the accu-
racy of the hnal results. Moreover, the random sampling
ol incident particie’'s energy, position and direction cosines
at the beginning of simulation directly affect the final out-
come. The secondary clectron production energy thresh-
old (AE)or 0.521 MeV and secondary photon production
energy threshold (AP) of 0.01 MeV were used by the
PEGSA 10 generate the interaction probability distnbution
data for electron and photon transport. The EGS4 used
the data produced by the PEGS4 and also used the trans-
port parameters shown in Table | to carry out the sim-
ulations.

The particles were terminated when their energy fell
below the cut-off energy or escaped the simulauon ge-
ometry. When particie termination occurred, the residual
kinetic energy of the particle was deposited locally.

Each simulation of 2 million histories was divided into
10 batches for statistical analysis. The standard error in
cach scored quantity was determined from a calculation
of one standard deviation from the 10 batches.

Convolution method

A number of authors have shown that the convoiution
of a primary intensity function and a spatially invanant
kernel models the dose distribution well in a homogeneous
phantom (1, 2. 7. 18, 19, 20, 21). The pnmary intensity
function models the pnmary photon transport up to and

inside the phantom and the kernel accounts for secondary
particle transport in the phantom.

The dose distnbuiion DI 1) in a homogeneous phantom
can be given by the equation:

D(F)=fs|FMFwF~r')d r (1

where lu/p)(r ) 15 the appropriaie mass attenuation coef-
ficientdistnbution. W(r’) is the energy fluence distnbution,
and A(r - r ) is the convolution kernel.

The details of the convolution/superposition software
have been described elsewhere (20). The superposition
method involves modifying the convoiution kernel to take
into account transport through heterogeneous phantoms:
however, this capability was not required in this study
because the phantom was homogeneous. The voxels were
solid rectangles (1.e.. the voxel dimensions may vary in
each direction). The voxel thickness was 0.25 cm 1n all
of the calculations and the voxel areas were 0.1 ¥ 0.1 ¢m?
for the 0.5 cm and 1.0 cm collimators and 0.2 X 0.2 cm?
for the larger collimators.

Most of the convolution/superposition soitware is con-
cerned with modelling the primary ene- * fluence distn-
bution. The software is capable of modelung the “horns”
in the incident energy fluence distribution, spectral hard-
ening in the depth direcuon. and “softening” in the lateral
direction mainly because of a reduced thickness of primary
rays that have travelled through the field flattening filter.
The beam is first modelled as diverging from a point
source and exiting through a perfect circular aperture with
constant energy fluence across the field. The energy flu-
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imed to decregse Exponentally (with distance
'¢ phantom and with an inverse-square fall.
wurtace
‘n by the tollowing equation;
SSD ¢
“’ =\ 'md(-—.“
“ &6 +3)

¢ Surface enerpy fluence. jq 15 the effective
efficient. and SSp 1s the source-to-surtace

of the spectrum We used the spectrum
'S work (illustrated in Fig. 2) and a pub-
I from Mohan eral (22), The effective
n coefficient at the surface of the phantom
/R and 0.048) ¢m*/g for those spectra.

| mode! of energy fluence was modified
r for primary energy fluence outside the

the accelerator structure, and the coll;.
“al penumbra due to a finite source size.
‘mary” energy fluence should be quali-
' photon energy fluence which has not
-~ the phantom regardless of jtg ongt. in
pical values ol the primary fluence out-

8 . &)
Off Axis Distance (em)

0 1 3 3 5 5

(Sew, taken to be (0.2 ¢m)and the source-to-collimator dis-
tance (SCD) of 77 cm, which s the distance from the
the stereotactic collimator, The mode|
assumes that a finige source size can he modelled as 4
convolution of the energy fluence with g 2-D Gaussian
distribution with & width (FWHM) at 4 source-to-point
distance (SPD) equal to the following:

FWHM*S.«SE(_,’:—:)2 (3)

(analogous 1o the finite size of a detector) that mimics g
finite source size In 1ts effects. T herefore, FWHM is re.
duced by an amount equal to the lateral voxe| dimension
(e, either 0.1 ¢m or 0.2 em).

.tlea,ruremems

measurements were carned out by €xposing radiographic

verification films? in 4 Solid Water Phatom ¢ The films

vitliered, Sweden,

wlek QY, Espoo, Finland. driven by Hp
‘lett-Packard Co., Fort Collins, CO.

' Kodak X-Omat v, Eastman Kodsk Company, Rochester.
NY

’Rlduuon Measurements Inc.. Madisen wi
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were processed usmg 2 vapid processor ** A frim scamme
densnometer. ' dnven by a stepper-motor comroller
board* in a PCY and controlled by s¢ tware written using
a data acquisition package,*** w s used to scan the pro-
cessed films 10 acquire depth doses and beam profiles.
The diameter of the isodensitometer light spot was | 0
0.2 mm.

RESULTS

Energy spectrum and angudar disiribution

Fhe energy spectrum of 6 MV bremsstrahlung photons
irom the linear accelerator 1s shown in Figure 2. At 50
¢m trom the target. the fluence and energy-fluence
weighted photon energies at the central axis twithin radial
riange between O 10 L omiwere 1,92 =004 and 2.76 = 0.07
MeV. respectively. The fluence and energv-tluence
weighted photon mean incident angies with respect to the
central axis were 1.61 = 0.08 and 1.21 % 0.08 degrees.
respecuvely

Cgniiral axn refative depih doses in water

I'he relative percent depth doses in water tor beam di-
ameters of 0.5, 1. 2, 3, and 4 cm were computed using
direct Monte Carlo ssimulation and convolution calcula-
1ons using photon spectrum from the present work and
4 published spectrum (22). Compansons with the mea-
sured data for beam diameters of 0.5, 2. and 3 cm are
shown in Figure 3. There 1s excellent agreement between
the results of Monte Carlo. convolution calculations. and
diode measurements bevond the depth of peak dose.
Within the build up region for 2 and 3 om beam diameters.
the results 5t Monte Carlo and convolution caleulations
agree with the diode measurements within 2% and 3%,
respectively. The depth doses for beam diameters of 0.8
to 4 cm, derived by Monte Carlo and convolution meth-
ods. are in excellent agreement bevond the depth of peak
dose, but in the build up region a disagreement of 2 to
0% 1s observed. This may be because the low energy
scattered photons and electrons ansing from the SCS are
not accounted tor in the convolution calculations. The
depth doses denved by convolution method using the
photon spectrum produced in this work and the published
spectrum trom Mohan er al/ (22) agree within 3%. The
measured depth dose by diode and depth ionization by
ion chamber measurements are in good agreement for
large beam diameter (=3 ¢m) as shown in Figure 3d,
whereas increased disagreement is observed as the beam
diameter 15 decreased. This could be because of the larger
size of the ion chamber in a small radiation beam, The
depth of peak dose for (0.5 to 4 ¢cm beam diameters ranged

October 1990, Volume 19 Number 4

from 1 3K 10 { 74 em. The decrease m the depth of peak
dose for smaller held sizes 15 coused e deeveses Summ
scatter contnibution to the depth dose.

Relative beam pronles in water

The relative beam profiles at a depth of § cm in water
for beam diameters of 0.5, 1, 2, 3. and 4 ¢cm were com-
puted using direct Monte Carlo and convolution calcu-
l{ations using photon spectrum from the present work and
the published spectrum (22). Compansons of the calcu-
lated and measured data for beam diameters of 0.5, 2,
and 3 ¢m are shown Figure 4. Again. there 1s excellent
agreement between the protiles obtained by Monte Carlo
and convolut'on calculations. and film dosimetry. The
disagreement between Monte Carlo and convolution re-
sults in the beam boundary region can be reduced if the
size of the sconng regions are further decreased below 0.2
¢m in the rachal direction in caleulational methods but
at the expense of increased computing tume for Monte
Carlo caleulation. There 15 excellent agreement vutside
the pnmaryv beam because appropriate penumbral cor-
rections have been emploved in the convolution calcu-
lations. Note that the uncertainty has decreased radially
outward because the volume of sconng regions (volume
= wr*h) increases as a function of radius to the power
two, thereby resulting in a larger number ot histories in
those regions.

Compuation times

We used a workstation® (=3 umes taster than a mini
computer’) to perform simulations. Monte Carlo calcu-
lation used 120 CPL! hours to transport 2 million initial
electron histones through the linear accelerator head to
obtain the photon energy spectrum and other character-
1stics, whereas the same numoer of initial photon spectral
histones transported in water 1o obtain depth doses and
beam protiles required an average of 80 CPU hr per beam
diameter. The average computng time {or the convolution
calculations was 0.06 CPU hr per ssimulatuon on the same
system.

DISCUSSION

We have shown that the Monte Carlo method can be
used to charactenze the 6MV bremssirahlung photon
beam produced by the linear accelerator and to obtain
the dosimetric for small radiation fields used in stereotactic
radiosurgery. We found that the simulation ol exact di-
mensions of target, backing matenal. and flattening filter
and appropriate Monte Carlo transport parameters were

** Kodak RP-X Omat rapid processor, Eastman Kodak
Company. Rochester, NY.

' Artronix. St. Lows, MO

H METRABYTE, Metrabvte Corporation, Taunton, MA,

¥ Leading Edge PC. Leading Edge Products Inc., Needham
Heights, MA.

**¢ ASYST. Asyst Software Technologies Inc.. Rochester,
NY.

* Sun 4/110, Sun Microsystems Inc.. Mountain View, CA.

'VAX 11/780, Digital Equipment Corporation, Maryland,
MA.
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and srpular distrbutions. Our User-wnten PresTeTm CEn
be generalized to simulate other treatment machines 10
obtain beam and dosimetnc data. Similarly, we have
shown that the convolution techniques using Monte
Carlosproduced photon energy spectra can calculate do-
simetnc data used for stereotacic radiosurgery. The results
ot Monte Carlo and convolution methods are 1n excellent
agreement with the measured data. The spatial resolution
of Monte Cario and convolution methods were adequate
and comparabie 10 film and diodes for use in small beam
dosimetry.

We have deveioned m-house a SIETemactic trexemem
planning svstem which uses the dosimeme deataseges-
crated by the convolution method. The simulation of the
accelerator treatment head by the Monte Carlo method
was required to obtain the energy spectra used for the
convolution methad and 1o provide a clanification of its
dose predictions independent of measurements, In sum-
mary, we have demonstrated that the Monte Cario and
convolution methods are powerful and practical tools 1o
generate accurate dosimetnic data. These methods can be-
come the basis for dose computation in the routine clinical
treatment planning algonthms using fast computers.
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