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NEUTRON DEPTH DOSE FROM (a, n) AND (y, n)
SOURCES IN A TISSUE-EQUIVALENT PHANTOM

Henry Aceto, Jr. and Bruce W. Churchill

Lawrence Radiation Laboratory
University of California
Berkeley, California

March 4, 1963

"ABSTRACT

Neutron depth-dose behavior in tissue-equivalent phantom exposed
to SbBe, PoLi, Po mock fission, and PuBe point sources has been examined
with respect to existing theoretical and experimental calculations. Dose from
exposure to a point source of complex energy spectra can be estimated by ap-
plying a 1/r geometric correction to the incident neutron flux and comparing
the result with the known monoenergetic behavior of neutrons equivalent to the
average energy of the point source neutrons.
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NEUTRON DEPTH DOSE FROM (a, n) AND (y, n)
SOURCES IN A TISSUE-EQUIVALENT PHANTOM

Henry Aceto, Jrfl: and Bruce W. Churchill

Lawrence Radiation Laboratory
University of California
Berkeley, California
March 4, 1963

I. INTRODUCTION

The object of this study is to experimentally determine.the dose
delivered as a function of depth into a human phantom by various p01nt neutron
sources of different energy spectra.

Fast neutrons incident on tissue lose their energy primarily by
elastic scattering collisions with tissue nuclei, the lost energy being trans-
ferred to the scattered nucleus. The nucleus in turn dissipates its acquired
kinetic energy by ionization, excitation, and elastic collisions with other atoms
in the tissue. Inelastic scattering does occur for neutron energies above a
few MeV with a cross section increasing with energy, but for neutrons with
energies below 10 MeV, the interval of primary concern, inelastic scattering
is unimportant. Hydrogen collisions predominate, none of which are inelastic,
and in such collisions as do occur with heavier nuclei the emitted gamma pho-
ton, on the average, is a small fraction of the energy carried by the recoil
atom.

The average fraction F of the energy lost by the neutron per elastic

collision is dependent only on the mass of the target nucleus.! The average
energy of neutrons of energy EO undergoing an elastic collision is given by

= 2A
E=E =,
0 [ (A+1)2}

where A is the mass number of the target nucleus.

This leads to an expression for the average energy after n collisions,
with hydrogen,

En:(%)Eo ’

which is misleading since most of the neutrons will have a much smaller en-
ergy; i. e., the median energy is less than the average energy. Consequently

" Present address: University of Texas, Southwestern Medical School, Dept.
of Radiology, Dallas, Texas.
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the number of collisions n needed to reduce a neutron to a given energy is
best calculated by using logarithmic energy decrements as set forth by Fermi:

E. 2 '
EanOe—ng g: 1n J =1 _M ln(éji) R

Ej-l-_l 2A A-1
where £ is the average logarithmic energy decrease per elastic collision—
again dependent only on the mass of the target nuclei—and E_ is the median
energy after n collisions. However, the range of a chargeél recoil nucleus
in tissue is small and, because we are interested in its deposition of energy
near. the site of collision rather than the number of collisions necessarg to
thermalize the neutron, the average energy loss fraction F=2A/(A+1)
will be assumed in the calculations. Thus the lighter atoms, particularly -
hydrogen, are most effective in dissipating the neutron energy. The average’
fraction of energy lost in collisions with hydrogen is 0.5, compared with 0.142
for carbon, 0.124 for nitrogen, and 0.111 for oxygen. From Table I one can
readily see that the ratio of moderating power £ NHOH of hydrogen in tissue
to the total moderating power Z.£.N.0. of all nu'cl—iel composing tissue does
not suggest a significant contribufion from the other nuclei. Tochilin and
Ross_2 estimate the energy transferred to tissue by first-collision hydrogen
scattering to be approximately 90% of the total energy loss by fast neutrons.

Table I. Neutron scattering properties.

. a
Element Mass £ Neutron E’HNHGH
T No. energy ———
' - (MeV) &iN;0;
H 1 1.000 0.030 0.985
C 12 0.158 = 0.460 0.988
N 14 0.136 1.6 0.935
O 16 0.1_20 4.2 0.926
E 2
agz 1’n—0—='1'+(‘A-1)' ln———‘"A‘—'l
E, 2A A+l

‘ A certain fraction of the incident neutrons will be moderated in the
body and absorbed at thermal energies; the products of the nuclear reactions
contribute to the dose. The predominant reactions are H(n, y)H?, which
yields a 2.2-MeV gamma photon; N14(n, p)Cl4, which yields a 0.63-MeéV proton;
and N14(n, vy)N15, which yields an energy of 10.8 MeV. Although the cross
section for the N14(n, \/)N15 is significant at thermal energies, its contri-
bution to the quanta energy is about 5% of the capture gamma energy of hydro-

.gen.” Furthermore, since the gamma absorption cross section decreases
with increasing energyf‘g it can be assumed that this reaction constitutes less

- In water, the ratio of the absorption coefficient of 2.2-MeV photons to that of
10. 8-MeV photons is approximately 1.6.
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than 5% of the overall gamma dose resulting from thermal capture.3 The
0.63-MeV proton from the nitrogen-capture reaction loses its energy within
microns of the reaction site, and the dose delivered at any point in the phan-
tom may be computed directly from the collision density at that point. In
contrast, the gamma quanta originating from hydrogen capture will deliver
their energy within a large volume of tissue surrounding the collision site.

In view of the above considerations, the reactions considered in
this study as the primary sources of tissue energy absorption are elastic
collisions of fast neutrons on hydrogen and the thermal reactions N14(n,p)Ccl4
and Hl(n, \{)DZ.

In 1954 Snyder and Neufeld first calculated the depth distribution of
fast-neutron doses by using collision histories estimated statistically with the
Monte Carlo method. The calculations were applied to beams of monoener-
getic neutrons incident normally on an infinite slab of tissue 30 cm thick.
Kogan et al. ,3 in 1959, imposed similar conditions and calculated the dose
distribution by a numerical solution of the kinetic Boltzman equation. In 1961
Smith and Boot! undertook an experimental confirmation of the above calcula-
tions by using a man-equivalent phantom and various sources primarily chosen
to simulate broad-beam monoenergetic conditions. In general they produced
satisfactory agreement between theory and experimentation. The present
work, which employs a phantom similar to that used by Smith and Boot, is
primarily concerned with point sources of complex energy spectra.

II. EXPERIMENTAL METHOD
A. Phantom

The human body was simulated by an elliptically shaped right cyl-
inder, 20 by 36 cm by 60 cm high, made of 0.65-cm polyethylene. Neutron
flux measurements were made with the phantom filled with tissue-equivalent
fluid and with water (Table II). A wcoden stand supported the phantom 130
cm above the ground (Fig. 1). Figure 2 indicates that scattering from the
ground is at a minimum under these conditions. The experiment was con-
ducted outdoors, thus eliminating any scattering contributions from walls.

B. Neutron Sources

Three (a, n) sources with quite different neutron spectra and a
photoneutron source served as the source of neutrons. The actual spectra of
most radioactive sources has been variously reported by different investi-
gators. For purposes of this paper, 30 keV was accepted as the mean energy
of the SbBe photoneutron source; the PoLi, Po mock fission, and PuBe mean
energies were considered to be 0.46, 1.6, and 4.2 MeV, respectively.

The source was placed normal to the front surface of the phantom,
thus making inverse-square corrections of the incident flux necessary.
Figure 3 indicates the breakdown of inverse square at small source-detector
distances.
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Table II. Tissue-equivalent-fluid composition.

Percent by weight

Urea v . 8.57

Sucrose : 22.58 ,
Water 67.85
o-cresol | 1.00
Element Percent by weight Atomic density® Average wet tissue
X 1022 cm-3 percent by weight

Oxygen 74 | 2.784 74
Carbon 12 0.602 12
Hydrogen 10 5.98 ’ 100

- Nitrogen 4 0.172 4
a’Assurning density of tissue is 1.00.

C. Method

Figure 4 shows a block diagram of the associated electronic equip-
ment. Fast-neutron energy measurements were made with a polyethylene-
lined proportlonal counter filled with different gases. The counter was en-
closed in a 1/32-in. -thick lucite holder (see Figs. 5 and 6). The size of the
counter used for these particular measurements most certainly causes some
perturbation of the field, although the correction is probably only a few per-
cent, with the maximum effgct occurring for measurements taken at or near
the surface of the phantom.”~ The effect of the holder on the readings was
checked and found to be negligible. The counter was made gamma insensitive
by appropriate choice of discriminator setting, and was periodically checked
with a radium source of known gamma strength. The polyethylene liner was
1/8 in. thick. It is important that the polyethylene liner be thicker than'the
range of the most energetic recoil protons, but not thick enough to produce
appreciable attenuation of the fast neutrons.” As shown by Moyer,” under these
conditions the counter will measure the ‘energy flux in MeV/crn2 ‘carried.by the
fast neutrons;-the response is proportional to the flux.

! Because the ranges of the recoil protons from the elastic scattering
of the fast neutrons are quite small (on the order of microns), the final depo-
sition of energy will be distributed essentially according to the collision den-
sity weighted by the neutron energy. Lehman inferred mean neutron energies
from the PuBe source at various depths in a phantom directly from the recoil
proton spectrum yielded by the track density and lengths recorded on exposed
nuclear emulsions.8 The experimental dose due to fast neutrons is propor-
tional to the energy flux measured by polyethylene proportional counters:and
the scattering cross sections corresponding to the neutron energies deter-
mined by the emulsions.
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Fig. 1. Phantom dimensions and position.
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Fig. 4. Block diagram of associated electronic equipment.
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Fig. 5. Proportional counter.
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ZN=-3692

Fig. 6. Lucite holder for proportional counters.
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The slow-neutron flux was measured by thin circular indium foils,
each mounted on thin lucite backing. The foils, approximately 2.5 ¢m in di-
ameter, were mounted normal to the source and to the front surface of the
phantom on rigid lucite strips fastened at the top and bottom of the phantom.
Comparison of multi-foil and single-foil exposures indicated that the foils
suffered a flux depression of about 5% due to the proximity of neighboring
foils. The flux depression by the lucite strips was not found to be of great-
significance and was neglected. The flux-depression factor due to the intro-
duction of the foils into the unperturbated field’ was calculated and found to be
1.15; i.e., the nezutron density was depressed 0.15/1.15 or 13% by the presence
of the 92-mg/cm® indium foils (Appendlx A).

The calibrations of the slow-neutron detectors were made by using
the slow-neutron flux created by a fast-neutron source placed in a concrete -
cavity. ' From the strength of the fast-neutron source, the thermal-neutron
flux within the cavity may be estimated, independent of the source spectrum::-

thermal flux = 1.25 Q/S,

where Q is the source strength in neutrons/sec and S is the inner surface.
area of the cavity. Because of the 1/v depéendence of the indium cross sec- e
tion and the high resonance peak at 1.5 eV, the calibrations would be accurate £ 5
only if the thermal-epithermal spectrum in the cavity were the same as the L
corresponding spectral region within the phantom. Since the shape of the
thermal spectrum within the phantom varies with depth into the phantom, an
actual correspondence between phantom and cavity does not exist. In.order
to better interpret the neutron fluxes measured by foils calibrated in this
manner, an attempt was made to compare the thermal spectrum of the cavity
to that at various depths within the phantom (Appendix B). This comparison,
by means of measurements with bare and Cd-covered indium foils in the cav- -
ity and the phantom, indicates that the final dose results would be minimal. '

All foil measurements in the phantom for dose calculation were
compared to BF, counter-measurements under identical conditions. The
comparison showed very close agreement.

III. RESULTS

A. Fast Neutrons

~ The calculatlon of fast-neutron absorbed dose will rest on the rea-
sonable assumption that consideration of the proton recoil component of the
dose alone will yield suff1c1ently accurate results. Consequently, the energy-
flux field intensity measurements together with the macroscopic cross section
for hydrogen corresponding to the mean neutron energy at a point in the phan-
tom will give the energy transferred per volume element at that point If we
assume (a) that on the average half of the incident-neutron energy is trans-
ferred to the recoil proton per collision and (b) that the resultant energy ab-
sorbed per volume element originated from the elastic collision within that
volume element (provided the change in energy flux over the distance repre-
sented by the range of the recoil protons is small), and if we know the energy
spectrum of the neutrons at the point in question, we may quite readily deter-
mine the absorbed dose at that point:
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. ) _ - r
rads =[Mev/cm2‘] [N o.cm ! [8X10° ]

i
|
H H J

The resultant depth-dose curve for PuBe neutrons as shown by
Fig. 7 agrees fairly well with the proton dose of Snyder. The dose to theback
of the phantom appears to be approximately 16% of the dose to the front, with
a relaxation length of 8.5 cm. The main difference between the two studies,
aside from the source types, is in the models used to simulate the humanbody.
In addition, Snyder's curves represent the energy absorption resulting from
recoil protons, and of the protons produced by the (n, p) reaction averaged
together. This study has separated the two.

Fast-neutron dose measurements in tissue-equivalent fluid and
water are compared in Fig. 8. The depth-dose curves in tissue-equivalent
fluid and water, all other conditions being the same, show little difference
within the statistical limitations imposed by the experimental conditions. This
is not surpr1s1ng since the tissue-equivalent fluid and water differ by approxi-
mately 1% in their atomic densities for hydrogen. Also, the greatest differ-
ence between the energy absorbed by molecules of water and TE fluid per unit
numerical flux density is only 3% when their complete atomic composition is
con51dered (Fig. 9).

The fast-neutron dose may be calculated by use of the emulsions
alone. A count of the emulsion track density, yielding recoil protons/cm?2,
multiplied by the average proton energy will yield a dose figure in energy
absorbed per unit volume. Figure 10 shows Lehman's absolute track densities
corrected to broad-beam conditions.8 By computer analysis the average en-
ergy of the proton recoils was found by calculating.

ZAN  pAR
PAE

AN
T A
PAE  °F

for the Ilford film, where AN .is the number of tracks in the energy interval
AE, and P is the geometry correction factor.8

The mean recoil-proton energy—excluding thermal n, p tracks—
for PuBe neutrons was found by Lehman to vary from 1.26 to 1.57 MeV at
different depths in the phantom (Fig. 11). This low proton spectral range is
primarily due to the presence of low-energy secondary collision neutrons.
Comparison with Fig. 12 indicates that the E minimum corresponds roughly
with the position of the maximum concentration of thermal neutrons from the
PuBe source. The average recoil proton energy then increases with depth,

corresponding to a simultaneous decrease of the thermal population.

The emulsion dose calculated by the product of the track density
and the average recoil proton energy (Fig. 7) has its largest disagreement
with the proportional-counter results and with Snyder's results at the front
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Fig. 10. Recoil proton track density per incident neutron
with depth in Phantom corrected for l/r2 (Lehman8).
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Fig. 11. ' Variation of mean recoil proton energy with depth
into phantom, excluding thermal (n, p) tracks from
incident PuBe neutrons.
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‘half of the phantom. This dose depression is, in part, due to the insensitivity
of the emulsions to low-energy neutrons. Furthermore, the emulsions were
scanned by the ''random walk'' system. Track lengths are measured by a
three-dimensional scanner, going from the terminal point of a measuredtrack
to the nearest neighboring track ending. Thus the probability of measuring a
short track which may appear as little more than a point is considerably less
than the probability of detecting a longer track with two end points to offer.
Although a correction was made for these low-energy omissions, it may not
have been sufficient for the larger proportion of neutrons in the region towards
the front of the phantom.

B. Slow Neutrons

The tissue-dose components due to the exothermic capture reac-
tions in nitrogen and hydrogen are calculated directly from the thermal-
neutron flux measured by the indium foils and BF, detector. The regular
behavior of the thermal distribution (thermal neutrons/fast neutron) within
the phantom is noteworthy. Figure 12 presents results that might have been
predicted for normally incident monoenergetic neutrons comparable to the
mean energies of the point sources used. Flux measurements made at vary-
ing source-phantom distances indicate that the l/r2 correction made for
geometric attenuation is a logical assumption for the distribution behavior
within the phantom, for comparison with parallel-beam conditions. Figure 13
shows the thermal peak depth into the phantom as a function of energy or mean
energy of the indicated neutron sources. The present results show fair agree-
ment of complex-spectra peak depth with peak depths of calculated and exper-
imental parallel-beam monoenergetic neutrons.

;. N4, pyctt

The tissue-dose component for the capture reaction in nitrogen is
directly proportional to the measured thermal-neutron flux at the dose site.
Included in the calculation are the reaction cross sections at 0.025 eV, 1.75;
atomic density of nitrogen, 1.72X 1021 atoms/cm?; and a proton recoil energy
of 0.63 MeV:

24 8 11 -1 2

rads = (1.72X10%1)X(0.63)X (1.75X 10" %4 x (1.6 X1078) = 3.034x10 ' n " tem?.
The resultant dose in rads per unit incident flux (rads per n/cmz)
is shown in Figs. 14 to 17. One can readily see that there is generally good
agreement between these results and those of Smith and Boot, who used gold
foils and monoenergetic beams. ' Some differences may be explained by the
fact that the present study used an atomic density for nitrogen in tissue of
1.72X 1021,‘ compared with 1,29 Xv,l.OZ_'-l»:fdr' Smith's work, and a proton recoil. -
energy.of 0:63: MeV was usedhere compared with Smith's value of 0.62 MeV.

The distribution pattern from PuBe neutrons shows the dose at the
back surface to be 91% of the dose delivered to the front surface of the phan-
tom, with the maximum dose occurring at a depth of 7.7 cm in the phantom.
The position of the peak dose from the front surface seems to varylogarith-
mically as the mean energy of the neutron sources (Fig. 13). The positions
of the peak Nl4(n,p)C14 dose for Po mock fission, PoLi, and SbBe neutrons
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Fig. 17. N14(n, p)C14 depth-dose curves for PuBe
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impinging on the front surface of the phantom are 5.8, 4.8, and 2 cm, respec-
tively. The corresponding ratios of front-to-back readings are 46, 40, and
17%.

2. I—Il (n,\/)H2

Because the mean free path of the y quanta released in neutron
capture by hydrogen is 22 cm in tissue, most of the y dose at any point arises
from neutron capture in a volume external to the one under consideration.

The phantom was therefore treated as a series of disks 1 cm thick and 36 cm
in diameter, normal to the external source The gamma dose was calculated
according to the formula of Taylor by using each hypothetical disk as aplane
circular isotropic monoenergetic source within the phantom, and by integrat-
ing numerically to yield the total dose at any depth. Thus the y dose not only
depends upon the magnitude and position of the thermal-flux peak, but also
upon the rate at which the thermal flux falls off within the phantom. Thevy-dose
peak will not necessarily coincide with the thermal peak.

According to Taylor's formula, the dose per unit time from any
slab at a distance z from the slab is

D, = Kqu)th F(z) (see Appendix C).

For the Hl(n,y)H2 reaction in tissue, K=4.45X 10_10 rad per Y/sz’q’th is
the absolute thermal flux within the slab, and F(z) is a function of the dis-
tance from the slab—this function employs energy-absorption buildup factors
and first-order exponential integrals. The source strength S,—in terms of
photons per cm#é of a'given slab—was obtained by the use of the capture Cross
section at 0.025 eV of 0.33b and an atomic hydrogen density of 5.98 X 102
a.toms/cr:n3 Then ,

-24 22

S, = (0.33X107%%)X(5.98X 10%?) - 1.973%107% y per n/cm?.

The results are shown in Figs. 18 to 20, The y dose shows close
agreement with the results of Smith and Boo’c7 who used relatively monoener -
getic sources of energles close to the mean energy of the present sources,
their results belng, in general, slightly higher than the broad spectrum dose.
The N 4(n p)C 14 dose, calculated from the same thermal-flux values, shows
a closer agreement with Smith and Boot's value. This is due to the difference
in nitrogen abundance used in the two studles, which mdlcates that lower slow-

flux values were obtained in our work.

Although Kogan, who did not use buildup factors, employed ay-dis-
tribution calculation less precise than the formula of Taylor, his resultant
dose does not differ greatly from Taylor's calculation for a similar flux.
Figure 15, a comparison of Kogan's calculated Hl(n,y)H2 dose with his re-
ported thermal-flux values applied to Taylor's formula, indicates close agree-
ment near the front of the phantom but a more rapid drop toward the back.
This accounts in part for the difference in shape of Kogan's results but, more
important, indicates a real variance in Kogan's thermal neutron distribution
from that of the other investigators.
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Fig. 18] Hl(; '\)H® depth-dose c¢urves for SbBe.
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Fig. 19. H1 (n, \/)H2 depth-dose curves for PolLi.
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Snyder's calculations on an infinite slab yield higher results than
the present work (Fig. 19), but the difference probably arises from the choice
of models. It is likely that both will overestimate the actual dose because of
the added source volume imposed when approximating an elliptical cylinder
by a series of uniform circular slabs.

Iv. CONCLUSION

The components of the neutron tissue dose resulting from exposure
to point sources of broad spectrum width exhibit favorable similarities to pre-
viously réported calculated and experimentally determined depth-dose curves
for monoenergetic neutrons under parallel-beam conditions. Although the
absolute magnitude of the present doses appear to be slightly less than those
reported by.Snyder and Neufelds6 and Smith and Boot,’ the respective varia-
tions with depth show good agreement when the incident flux is adjusted by a
l/rz geometry correction.

The thermal distribution within the phantom exhibited behavior
similar to monoenergetic sources of neutron energy equivalent to the average
energies of the (a,n) and (y,n) sources, with respect to thermal peak positions,
magnitude, and depth-distribution behavior.

I
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APPENDIX A. FLUX-DEPRESSION-FACTOR CALCULATION

The depression of thermal-neutron flux at the point of measure-
ment by the indium foil was calculated by using Bothe's formula and thermal
diffusion constants for water as given by Tittle.? The foil is treated as a
spherical shell, assuming that a disk of radius R is approximately equivalent
to a spherical shell of radius 2R/3. The flux depression by which the meas-
ured thermal-neutron flux must be multiplied is

- :HQ/ZFR_O L 1] ,

th- 2N\, R+L
where
R = 1.27 ¢cm,
.Xtr = transport mean free path in tissue = 0.425 cm,

2.76 cm.

L

thermal diffusion length in tissue

The average probability of‘absorpti(')nv, a, of a neutron by a layer
of thickness d is '

a = 1-eP1pa) +12a2 E(-pa) ,

where
d = 9.2_)(152 grn/cm2 R
. NOO : -1 5
. = absorption coefficient=—A— =9.07X10" " cm®/gm,
Ei(—pd) = exponential integral function.

Thus, for the flux depression by indium feils in tissue, Fth = 1.15.

APPENDIX B. CALIBRATION OF INDIUM FOILS IN CONCRETE CAVITY

In calculating the slow-neutron dose, the cross sections for the
particular reactions involved were taken for thermal energies of 0.025 &V.
Thus it is necesdary to make certain assumptions about the neutron spectra .
in the region of 0.025 €V in order that the spectra may be properly weighted
with respect to the variance of both the detector and tissue cross sections in
this region. The calibration of the slow-neutron detectors'were made by us-
ing the slow-neutron flux created by a fast-neutron source placed in a concrete
cavity. From the strength of the fast-neutron source, the thermal-neutron
flux within the cavity may be estimated, independent of the source spectrum:

thermal flux = 1.25 Q/S,

where Q is the source strength in neutrons/sec, and S is the inner surface
area of the cavity.8 Because of the 1/v dependence of the indium cross section
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and the high resonance peak at 1.5 eV, the calibration would be accurate only
if the thermal-epithermal region of the spectrum were the same as the cor-
responding energy region within the phantom.

Shielding the indium foils with cadmium allows a determination of
the thermal-region flux (that region below the indium resonance peaks) and
the resonance-region flux both in the phantom and in the cavity because of the
rapid drop in the cadmium absorption just prior to the indium peaks. A com-
parison of the ratio of thermal activation to "'resonance' activation in the cavity

“to the thermal-resonance ratio at various depths in the phantom allows a bet-
ter interpretation of the thermal calibration of the bare-foil measurements
based on the cavity standard (Fig. 21). The ratio measurements were made
with 0.005-in. foils, 26 cm®, wrapped around a thin-walled Geiger tube to
approximate 50% geometry.9 Under these conditions the thermal flux is given
by &4, = C(A-1.07A_.43), where A and A.q are the saturated activities of the
bare and cadmium-covered foils, respectively, corrected to a foil mass of
2.42, and C is a constant. The thermal-resonance ratio is just

¢ A A
Pres 1.07 Acd

. In a sense, the neutrons in the resonance region are being neglected,
Whlch is valid if one assumes approximately 1/v dependence of the dose reac-
tion cross sections. Measurements in the phantom made with a BF, counter
covered with a cadmium sheet were negligible compared to bare BF, meas-
urements; furthermore, the strict 1/v behavior of the BF, counter gives a
reputabie estimation of the relative tissue absorption in tﬁe thermal and epi-
thermal regions. All foil measurements in the phantom were compared to
BF3 measurements under identical conditions, and showed very close agree-
ment. '

The thermal-resonance ratio taken in the cavity was 3.3:1, while
the ratio in the phantom was found to vary with depth, ranging from 7.4:1 to
15:1, depending upon the position in the phantom. This would indicate that
the final tissue dose results would be minimal, although somewhat compen-
sated by the error introduced by the assumption of strict 1/v dependence of
the tissue reaction cross sections.

APPENDIX C. GAMMA-DOSE CALCULATION

The gamma dose resulting from the exothermic capture reaction
in hydrogen was calculated by the exact formula of Taylor,11 The phantom
was imagined to be a series of disks 1 c¢m thick and 36 cm in diameter; each
disk was treated as a plane monoenergetic source of uniform isotropic distri-
bution. The dose rate at a distance z from a particular slab of radius R is

S, %n [ 2
D, = f—— (Al {El[(l+al)|.xoz] -uEl[(l+a1)|.LOz\/l+(R/z) ]}

+(1 -Al_) {El[(l +a2-)|.xoz] - EZ[(I +a2)p0z N1 +(R/z)2-]}) )
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Fig. 21. Thermal-resonance neutron flux relationship
with depth in phantom.
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where
" S, = source _strehgth' =1:973X 10_‘2 Y per n/cmz,

= thermal—neutron flux at source,

f = conversion factor from flux to dose, taking w, thé mass

" energy absorption coefficient for 2.2‘26—1-\/Ie\/;" gamma energy,
as 0.025 cm l; f= (8.904)(-10)_lo rad per y/’cmz,

B0 =.narrow beam attenuation coefficient = 0.046 cm l,
‘bal, and a, are Taylor s values for energy absorptlon
buildup factors in water: 7.3, -0.0650, and O 0488,
reééectively, |

et
' El(x) _':f’ Eé_ df, a first-order exponential integral..

X

.. The.values of D for a partlcular point in the phantorn are numer-
ically 1ntegrated to yield the total dose for that depth. The self-dose of a slab
source is shown by Smith and Boot? to be the dose at z=1/3 cm.
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