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Abstract

This paper presentss flux-to-dose conversion factors for neutrons and gamma-rays based
on the concept of the maximum absorbed dose.

Neutron flux-to-does-rate conversion factors for energies from 2.5% 1078 to 20 MeV are
presented while the conversion factors for gamma-rays are given in the energy range of
0.01 to 15MeV.

Flux-to-does-rate conversion factors, which were calculated under the assumption that
the radiation energy distribution has nonlinearity in phantom, are different from those
values obtained by monoenergetic radiation. Especially, these values obtained here were
determined for the cross section libray such as DLC-23, DLC-27, and DLC-31.

The flux-to-dose-rate conversion factors obtained in this work are in a good agreement
with the values presented by American National Standard Institute (ANSI) N666.

These results are used to calculate the dose rate distribution of neutron and gamma-ray
in any radiation fields, and will be useful for the radiation shielding analysis, radiation
protection and raadiation dosimetry concerned with problems of continuous energy
distribution.
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1. Introduction

The response function or flux-to-dose-rate
conversion factors based on the concept of
the maximum absorbed does are calculated.
It is assumed that the important parameter
is the maximum dose rate in tissue irradiated
by a normal incidence beam. The conversion
factors are used for converting a calculated
neutron and gamma-ray flux to a dose rate
in the radiation shielding analysis, radiation
protection and radiation dosimetry.

The flux-to-dose-rate conversion factors
used for neutron flux of a particular energy
is the maximum dose rate in the dose-rate
distribution calculated by Snyder and Neu-
feld? for a unit flux (or current) of monoe-
nergetic neutrons that are incident normally
on the phantom represented by a slab of
tissue. Although these values have been used
for many years in nuclear reactor and
similar design work, the International Com-
mission on Radiation Unit and Measure-
ments gives no definitions which fit the
dose or dose rate calculated with them. The
Snyder-Neufeld conversion factors are sti-
pulated for use by the U.S. Federal Register®
for use in reactor design.

Jones® measured the dose delivered by
gamma-rays between 0,027 and 1.25MeV to
various parts of a manlike phantom and
later reported the results in terms of cali-
bration factors® for dosimeters. These fac-
tors are recommended for use in the design

and calibration of gamma-ray exposure me-

ters to permit direct estimation of the ma-
ximum dose in rads delivered to the critical
organ for the ambient condition and hazard
under consideration. Recently Claiborne and
Trubey®, using the discrete ordinates code
ANISN® and the Monte Carlo code OGRE?,

calculated flux-to-dose-rate conversion fac-
tors for gamma-rays with energies between
0.01 and 16MeV incident on a slab phantom.

In the past, air kerma and sometimes the
tissue kerma in a free field as calculated by
Henderson® have been used in design work.
It must be pointed out that use of these
response functions yields a lower value than
the maximum does that could be delivered
to a body since multiple collisions are not
considered. In addition, the practice is in-
consistent with that adopted for neutrons.

Flux-to-dose-rate conversion factors cal-
culated in this work are for the cross sec-
tion library, such as DLC-23(CASK, 22 neu-
trons+ 18 gammas)®, DLC-27 (104 neutrons-+-
22gammas)'®, and DLC-31(37 neutrons+21
gammas) ! etc.

I. Theoretical Background

1. Neutiron Flux-to-Dose-Rate Conversion Factors

The neutron flux-to-dose-rate conversion
factors presented in this work are based on
recommendations of the National Council on
Radiation Protection and Measurements (NC
RP)?2 for neutron energies between 2.5x10™8
and 400MeV. The data given in NCRP are
expressed in terms of the neutron flux den-
sity (cm—2.sec™!), at selected energies, which
in a 40-hr period results in a maximum dose
equivalent of 100mrem. The NCRP recom-
mendations were based on calculations of
absorbed dose and dose equivalent, as a
function of depth, in cylinderical and slab
phantoms. The flux densities quote¢ were
derived using values of maximum dose
equivalent per unit neutron fluence obtained
from the discrete ordinates or Monte Carlo
calculation. In the ANSI N666', only the
energy range between 2,5x10~% and 20 MeV
was considered, and flux-to-dose-rate conver-
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sion factors for neutron energies between
the values given in Table 1.

Table 1. Neutron Flux-to-Dose-Rate Conversion
Factors and Mean Quality Factors (QF)

NNV | e | (Remby
2.5—08" | 2 3.67-06
1.0—07 L2 3.67—06
1.0-06 f 2 4,46—06
1.0—05 | 2 4.54—06
1.0—04 L2 4.18—06
1.0-03 L2 3.76—06
1.0—02 2 3.56—06
1.0—-01 :f 7 2.17--05
5.0—01 Lo 9. 2605
1.0 o 1.32—04
2.5 | 9 1.25-04
5.0 .8 1.56—04
7.0 i 7 1.47—04
10.0 | 6.5 1.47—04
14,0 L 7.5 2.08—04
20.0 [ 8 2.27—04

* Maximum value of QF in a 30-cm phantom.
* Read as 2.5x107%,

Conversion factors for neutron energies
not given in Table 1 should be compute
using the analytic equation given below.
This analytic form is also useful for the
calculation of energy-averaged dose rates.

In the ANSI Nss5, for the energy range

from 1077 to 10~% MeV, a cubic fit was made
which reproduced the error range to within
+39%, and for all other energies, the data
were represented as linear segments between
adjacent points. The general form of the
analytic function is
InDF,=A+Bx+Cx®+Dx? cocovernininins (1)
where DF,=flux-to-dose-rate factors,
(rem/hr) [ (»n/cm?.sec)
FE=neutron energy in MeV
x=InE
The coefficients in the polynomial expres-
sion are given in Table 2.
For an energy band which spans one of
the common energy boundaries, the dose
rate is computed as

(" DF.(E) g (B)dE

+ j:DF‘n (EYG(E)AE +vvveerevreariveenrenn @)

where Ep=lower energy boundary,
E.=upper energy boundary, and
E,=common ennrgy boundary

2. Gamma-Ray Flux-to-Dose-Rate Conversion

Factors.

Except for the point at 0. 01MeV, the flux-
to-dose-rate factors are based on calculations
made by Claiborne and Trubey. The calcul-

Table 2. Polynomial Coefficients For Neutron Flux-te-Dose-Rate Conversion

Factors.
Neutron Energy (MeV) [ A B I C D
2.5—08 to 1.0—07 —1.2514+01
1.0—07 to 1.0—-02 —1.2210+01 1.7165—01 2.6034—02 1.0273—03
0.01 to 0.1 —8.9302 7.8440—01
0.1 to 0.5 —8.6632 9.0037—01
0.5 to 1.0 —8.9359 5.0696—01
1.0 to 2.5 —8. 9359 —5.5979—02
2.5 to 5.0 —9.2822 3.2193-01
5.0 to 7.0 —8.4741 —1.8018—-01
7.0 to 10.0 —8. 8247
10.0 to 14.0 —1.1208+01 1.0352
4.0 to 20.0 —9,1202 2.4395—01
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ational procedure used is briefly as follows.
Multigroup calculations, with the discrete
ordinates code ANISN and Monte Carlo code
OGRE, are made to determine the dose-rate
distributions in a 30cm-thick slab phantom
for photon energies between 0.02 and 16
MeV. Using these data,
gamma-ray dose rates in the dose-rate spatial

the maximum

distributions for various incident photon
energies were obtained. In all cases, these
maxima occurred within the first 2cm of
the phantom. These maximum dose rates
were the ones recommened by Claiborne and
Trubey as a standard response function in
the design of shields for reactors and similar
radiation sources.

The conversion factors were extended to
0.01MeV using the tissue kerma factors
calculated by Wells and Liversay!® for 10
KeV x-rays. At this energy, the difference
between the maximum dose in tissue and
the tissue kerma is negligible. The recom-
mended flux-to-dose-rate factors for various
photon energies are tabulated in Table 3.

Conversion factors for photon energies not
given in Table 3 should be computed using
the analytic equation given below. This
analytic form is also useful for the calcul-
ation of energy-averaged dose rates. The
general form of the analytic function is

INDF,=A+Bx+Cx2+Dx® «eeueereennnnn (3)
where DF,=flux-to-dose-rate conversion fac-

tor (rem/hr) / (photons/cm?-sec)

E=gamma-ray energy in MeV

x=InE
The coefficients of the polynomial expres-
sion are given in Table 4. For an energy
band which spans one of the common energy
boundaries, the does rate is computed in the
same way as in the neutron case.

Table 3. Gamma-ray Flux-to-Dose-Rate Conversion

Factors.
Photon Energy (rem/h)/ mrem/h/
(MeV) (Photon/cm?-s) |(MeV/cm2-sec)
0.01 3.96—06 3.96—1
0.03 5.82—07 1.94—2
0.05 2.90—-07 5.80—3
0.07 2.58—07 3.69-3
0.1 2.83—07 2.83—3
0.15 3.79—07 2.53—3
0.2 5.01—07 2.51-3
0.25 6.31—07 2.562—3
0.3 7.59-—-07 2.53—-3
0.35 8.78—07 2.51—-3
0.4 9.85—07 2.46—3
0.45 1.08—06 2.40—3
0.5 1.17—06 2.34—-3
0.55 1.27-06 2.31—3
0.6 1.36—06 2.27-3
0.65 1,44—06 2.22—3
0.7 1.52—06 2.17—-3
0.8 1.68—06 2.10—3
1.0 1.98—06 1.98—3
1.4 2.51—-06 1.79-3
1.8 2.99—06 1.66—3
2.2 3.42—06 1.55—3
2.6 3.82—06 1.47-3
2.8 4.01—-06 1.43—-3
3.25 4.41—06 1.36—3
3.75 4.83—06 1.29-3
4.25 5.23—06 1.23—3
4.75 5.60—06 1.18-3
5.0 5.80—06 1.16—3
5,25 6.01—06 1.14-3
5.75 6.38—06 1.11-3
6.25 6.74—06 1.08-3
6.75 7.11—06 1.05—3
7.5 7.66—06 1.02—-3
9.0 8.77—06 9.74—4
11.0 1.03-05 9.36—4
13.0 1.18—05 9.08—4
15.0 1.33—05 8.87—4

B. Calculation of The Flux-to-Dese-Rate
Conversion Factors for the Continuous
Energy Distribution.

The flux-to-dose-rate conversion factors
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Table 4. Polynomial Coefficients For Gamma-Ray Flux-to-Dose-Rate Conversion

Factors.
Photon Energy (MeV) A B C D
0.01 to 0.03 —2.0477+01 —1.7454
0.03 to 0.5 —1.3626401 —5.7117—01 —1.0954 —2.4897-01
0.5 to 5.0 —1.31334+01 7.2008—01 —3.3603—02
5.0 to 15.0 —1.2791+01 2.8309—01 1.0873—01

presented here are calculated, under the
assumption that radiation energy distribu-
tion has nonlinearity in the phantom and
have different meaning from those values
obtained by monoenergetic radiation. These
values are determined for the cross section
library used in radiation shielding analysis,
radiation protection, radiation dosimetry etc.

The assumption is made that the impor-
tant parameter is the maximum dose rate
in tissue irradiated by a beam having normal
incidence. This assumption gives results
which are conservative for assumed whole-
body exposures.

The calculational procedure used is as
inside each

follows. The flux spectrum

group span is assumed to be EL

trons which energies are greater than 0.414

for neu-

eV, and to be constant for thermal neutrons
and gamma-rays.

Dose rate= | DF(E) ¢ (E)dE - )

where DF (E) — patbrtcx2tdal
X= lnE

For neutron energy (E)>0.414eV

P20 L SR ) IR )
then

Dose rate= §DFg'¢g ..................... (6)
where

DF, =ngDF (E) --l—}:«a’E/ng%—dE

- [in()) ™

JEgDF (E) '—é‘dE .................. @)

For neutron energy (E) <0.414eV and gam-
ma-ray ¢(E) is assumed to be constant in

each group.
then
Dose rate= Y, DF o¢h, ---ocomrerererveenns (8)
g
where
DngngDF(E) AE <o, (9)

In equation (7);
let
I, = ngDF (E) %dE

— S gothrtca2tdss -wl—dE
Eg E

. X ea+bx+512+d13 . dx
Eg

If both ¢ and d are nonzero, an analytic
solution is obtained.

I=ee. ?;L (@78 —e¥L) o, (11)
(for b+0)

I,=e° (%" —%,0)  sevevnveinienniiniiiiie, (12)
(for b=0)

If either ¢ and d is nonzero, a numerical
integration is required.

1) Divide X, into N subintervals (N=even)
2) Apply Simpson’s formular.

Ig=%(fo+4f1+2fa+4fs+2f4+ ------
+2fv-2t4fna+fx)

=—3h— (fot fv+2Even+40dd)
where
f=integrand, A=X,/N
Even:f2+f4+ ...... +fw-s
Odd= fy+ fs+----e- +fra
3) Divide X, into 2N subintervals
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4) Apply Simpson’s formular again.
I’x=%(f’0+4f’1+2f’z+4f’s+ ------
+2f an-at 4 v+ o)
=2 (Fot f vt 2Even'+40dd) - (14)

where
n =%h, f’o-':fo, f'2N=f1v

Even'=f'a+ flatoeoo +fan-2
= fitfat fotoeeene +faa
=Even+0dd
Odd'=fll+fls+f/5+ """ +f’zlv_1
5) Test convergence by comparing I,/I',.
If not, divide %, into 4N subintervals and
repeat 3), 4) and 5) until convergence is
reached.
In equation (9);
let

I __:_.j DF (E) dE:j gotbrtexaHdas px
£ Eg Eg
:Egea+blx+012+d33.dx

where

b'=b+1
The same integration formular is applied.
Those equation are calculated using compu-
ter and the results are shown in Table 5,6
and 7.

Table 5. The Group Dose Rate Conversion Factors
Based on Ansi-N666 For Cask 22 Neutron
+18 Gamma (DLC-23) Group Structure.

Conversion
Growp | Energy | Bhergy | Faciors
(MeV) (MeV) Skl

1 | 1.490E 01| 1.220E o01] 1.991E —04
2 1.220E 01 1.000E 01 1.633E —04
3 | 1.000E 01| 8.180E 00| 1.471E —04
4 8.180E 00| 6.360E 00| 1.475E —04
5 6.360E 00| 4.960E 00| 1.530E —04
6 4.960E 00| 4.060E 00 1.509E —04
7 4.060E 00 3.010E 00| 1.393E—04
8 | 3.010E 00| 2.460E 00| 1.285E—04
9 2.460E 00| 2.350E 00| 1.253E —04
10 2.350E 00| 1.830E 00, 1.263E—04.
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11 1.830E 00| 1.110E 00} 1.290E —04
12 1.110E 00| 5.500E—01]| l.161E—04
13 5.500E —01 1.110E—-01| 5.334E—05
14 1.110E—-01 | 3.350E—03| 8.412E—06
15 3.350E—03 | 5.830E—04| 3.713E—06
16 5.830E —04 1.010E—-04 | 4.009E —06
17 1.010E—04 | 2.900E—05| 4.295E—06
18 2.900E —-05 1.010E—05 | 4.476E —06
19 1.010E—05| 3.060E—06 | 4.567E—06
20 3.060E —06 1.120E—06 | 4.535E —06
21 1.120E—06 | 4.140E—07 | 4.370E—-06
22 4.140E—07 | 1.000E—08 | 3.961E —06
23 1.000E 01| 8.000E 00| 8.772E—06
24 8.000E 00{ 6.500E 00| 7.478E—06
25 6.500E 00| 5.000E 00| 6.375E—06
26 5.000E 00| 4.000E 00| 5.414E—06
27 4.000E 00| 3.000E 00| 4.622E —06
28 3.000E 00| 2.500E 00| 3.960E —06
29 2.500E 00| 2.000E 00| 3.469E —06
30 2.000E 00| 1.660E 00| 3.019E—06
31 1.660E 00! 1.330E 00| 2.628E —06
32 1.330E 00| 1.000E 00| 2.205E—06
33 1.000E 00| 8.000E—01| 1.833E—06
34 8.000E —01 | 6.000E—01| 1.523E —06
35 6.000E —01 | 4.000E —01 1.185E —06
36 4.000E—01| 3.000E—01| 9.114E—07
37 3.000E —01| 2.000E—01| 6.757E —07
38 2.000E —01 | 1.000E —01 | 4.364E —07
39 1.000E —01 | 5.000E—02 | 3.418E—07
40 5.000E —02 1.000E—02 | 1.025E —06

Table 6. The Group Dose Rate Conversion Factors

Based on Ansi-N666 For Dle-27 104

Neutron+22 Gamma Group Structure.

Upper Lower Cofr;\cfsorrssion

Group Energy Energy (rem/h/Unit

(MeV) (MeV) Flux)

1 1.500E 01 1.350E 01| 2.082E —04
2 1.350E 01 1.221E 01 1.906E —04
3 1.221E 01 1.105E 01| 1.718E—04
4 1.105E 01 1.000E 01 1.550E —04
5 1.000E 01| 9.048E 00 1.471E —04
6 9.048E 00| 8.187E 00| 1.471E—04
7 8.187E 00| 7.408E 00| 1.471E—04
8 7.408E 00| 7.000E 00 1.471E —04
9 7.000E 00| 6.708E 00| 1.476E —04
10 6.708E 00| 6.360E 00| 1.489E —04
11 6.360E 00 6.065E 00| 1.503E—04
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12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
35
56
57
58
59
60

DN W s O Y 00 = b=

N R R 4

D00 N W W W R e DD N O

065E
488E
966 E
750E
493E
066 E
679E
329E
012E
725E
466 E
350E
231E
019E
827E

.653E
.496E
.353E
.225E

108E
003E

L072E —
.209E —
.427E —
721E —
081E —
502E —
L979E —
.505E —
.076E —
.688E —
.337E 101
.020E —
.732E —
L472E —
L237E —
.024E —
.832E —
L657E —

.500E —
.357E —
.228E —
JALLE —
.652E —
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479E —

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

00
00
01
01
01
01
01
01
01
01
01
01

01
01
01
01
01
01
01

01
01
01
01
02
02
02
02
02
02

e I I

.488E
966 E
750E
493E
066E
679E
329E
012E
725E
466 E
350E
231E
019E
827E
.653E
.496E
353E
.225E
108E
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01
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01
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= b= b b e e b e ek e e e b b b e e e e
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il S e B R e B L R i i

B U100 e D
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459E —06

.491E —06
.519E —06

342E —06
560E —06

.572E —06
.578E —06
.377E —06
.568E —06
.552E —06

528E —06

.495E —06
.455E —06

406 E —06
346E —06
278E —06
954E —06
772E —06

.478E —06

375E —06

.414E —06
.622E —06
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110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

3.000E
2.500E
2.000E
.660E
.330E
.000E

—_ DN W R UG 00 ke e

.000E —
.000E —
200E —
.000E —
000E —
000E —
.600E —
.500E —
000E —
.000E —
5.000E —

00
00
00
00
00
00
01
01
01
01
01
01
01
01
01
01
02

.500E
.000E
.660E
.330E
.000E

DUl = NN WA OO0 NN

.000E —
.000E —
.200E —
000E —
000E —
.000E —
L600E —
.500E —
000E —
000E —
.000E —
.000E —

00
00
00
00
00
01
01
01
01
01
01
01
01
01
01
02
02
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3.960E —06
3.469E —06
3.019E —06
2.628E —06
2.205E —06
1.833E —06
1.523E —06
1.289E —06
1.200E —06
1.099E —06
9.114E —07
7.507E —07
6.887E —07
6.131E —07
4.364E —07
3.418E —07
6.516E —07

Table 7. The Group Dose Rate Conversion Factors

Based On Asin-N¢66 For

Dlc-31 37

Neutron+21 Gamma Group Structure.

Conversion
Group ];JIP epregry ]%1? g%ry (r frs 7{3@ nit
(MeV) (MeV) Flux)

1 1.960E 01| 1.690E 01| 2.221E—04
2 1.690E 01 1.490E 01| 2.148E —04
3 1.490E 01| 1.420E 0Ol | 2.103E —04
4 1.420E 01| 1.380E 01| 2.078E—04
5 1.380E 01| 1.280E 0l | 1.975E—04
6 1.280E 01 1.220E 01 1.853E —04
7 1.220E 01 1.110E o1 1.722E —04
8 1.110E 01 1.000E o1 1.553E —04
9 1.000E 0l 9.050E 00| 1.471E —04
10 9.050E 00| 8.190E 00| 1.471E—04
11 8.190E 00| 7.410E 00| 1.471E—04
12 7.410E 00| 6.380E 00| 1.478E —04
13 6.380E 00| 4.970E 00| 1.529E —04
14 4.970E 00| 4.720E 00| 1.547E—04
15 4.720E 00| 4.070E 00| 1.498E —04
16 4.070E 00§ 3.010E 00 1.394E —04
17 3.010E 00| 2.390E 00| 1.281E—04
18 2.390E 00| 2.310E 00| 1.254E—04
19 2.310E 00| 1.830E 00| 1.264E—04
20 1.830E 00| 1.110E 00| 1.290E —04
21 1.110E 00| 5.500E—01} 1.161E—04
22 5.500E —01 1.580E —01 { 6.047E —05
23 1.580E —01 1.110E —o01 2.811E —05
24 1.110E —01 | 5.230E —02 1.786E —05

25 5.250E —02 | 2.480E —02 | 9.914E —06
26 2.480E —02 | 2.190E—02 | 6.938E —06
27 2.190E—02 | 1.030E —02 | 4.986E —06
28 1.030E—02 | 3.350E —03 | 3.572E —06
29 3.350E—03 | 1.230E—03 | 3.66lE—06
30 1.230E —03 [ 5.830E—04 | 3.783E —06
31 5.830E—04 | 1.010E—04 | 4.009E —06
32 1.010E—04 | 2.900E —05 ] 4.295E —06
33 2.900E—05 | 1.070E —05 | 4.473E —06
34 1.070E —05 | 3.060E —06 | 4.566E —06
35 3.060E—06 | 1.130E—06| 4.536E —06
36 1.130E—06 | 4.140E—07 | 4.371E —06
37 4.140E —07 | 1.000E —11| 3.954E —06
38 1.400E 01| 1L.OCOE 01| 1.102E—05
39 1.000E 01| 8.000E 00{ 8.772E —06
40 8.000E 00| 7.000E 00| 7.663E —06
41 7.000E 00| 6.000E 00| 6.926E —06
42 6.000E 00| 5.000E 00| 6.191E—06
43 5.000E 00| 4.000E 00| 5.414E —06
44 4.,000E 00| 3.000E 00} 4.622E —06
45 3.000E 00| 2.500E 00| 3.960E —06
46 2.500E 00| 2.000E 00| 3.469E —06
47 2.000E 00| L.500E 00| 2.927E —06
48 1.500E 00| 1.000E 00| 2.316E —06
49 1.000E 00| 7.000E —01| 1.766E —06
50 7.000E —01 | 4.500E —01{ 1.313E—06
51 4.500E —01 | 3.000E —01 | 9.609E —07
52 3.000E —01| 1.500E—01| 1.137E—07
53 1.500E —01 | 1.000E—01| 3.829E —07
54 1.000E —01 | 7.000E —02 | 3.319E —07
55 7.000E —02 | 4.500E —02 | 3.699E —07
56 4.500E —02 | 3.000E—02| 6.112E —07
57 3.000E —02 | 2.000E—02| 8.267E —07
58 2.000E —02 | 1.000E —02 [ 2.144E —06

IV. Conclusions

1) The flux-to-does-rate conversion factors
have been calculated using the concept of
kerma and maximum absorbed dose.

2) Differences between the ANSI Né666 val-
ues and the values obtained here are as
follows.

(1) For all energies in the ANSI Né66,
the conversion factors were represented
as linear segments between adjacent
points.
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{2) In this work, the flux spectra inside
each group span are assumed to be
1
K
greater than. 0.414eV, and to be cons-

for neutrons of which energies are

tant for thermal neutrons and gamma-
rays.

3) These data will be useful for the radia-
tion shielding analysis, radiation protec-
tion, and radiation dosimetry etc. for the
continuous energy distribution.
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