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FAST NEUTRON DOSIMETRY OF CALIFORNIUM-252
CHAPTER I

INTRODUCTION

One of the outstanding applications for radioactivity
is radiotherapy. In many forms of human cancef, treatment
with ionizing radiation may result in destruction of the neo-
plastic growth. Since the discovery of radioactivity, x- and
T-rays have been used in every conceivable way to treat all
types of cancer. Radium has emerged as the most widely uti-
lized radioisotope, especially for interstitial and intra-
¢avity implantation. Although the bulk of clinical knowledge
about implant radiotherapy was derived from the use of radium,
this material has many disadvantages. Its complex decay
series of radioactive daughter products produces gamma-rays
with a variety of energies, which complicate dosimetry and
prognosis of tissue response. The first daughter, radon, is
a radioactive gas and is easily dispersed because it is chem-
ically inert. Thus, the hazard of contamination is prominent
in the handling and use of radium. Henschke recently pointed
out that radium is the least safe of all medicinal radionu-
clides in cases of containment ruptureol As a result radium

spills and releases have caused many costly and embarrassing
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cleanup operations.

Not only does radium present serious safety problems,
but its radiation type is unsuitable for efficacious treat-
“mént "in situ". The high energy radium gamma radiation has
great penetration thru tissue. Consequently, an implanta-
tion could irradiate too large a volume causing unnecessary
death to healthy tissue in proximity to the tumor area.
Restriction of volume irradiated raises the probability of
effective neoplastic cell kill. The low penetration capabi-
lity of high energy neutrons corresponds to high energy depo- -
sition within the tissue molecules. This dose localization
is important because the maximum dose delivered to the tumor
cells is limited by the dose received by normal cells near
the tumor.

Other sources, such as gold-198, iridium-~-192, cesium-
137, and tantalum-182, have been suggested as suitable sub-
stitutes for radium. The use of these isotopes, however,
still relies on the relatively penetrating x- and ?Y-radiation.
A possible solution to improved treatment may lie in the
application of heavily ionizing particles. Such particles are
available only in beams, but would have sufficient energy to
deposit maximum energy at the tumor region (Bragg-peak effect).?

Schwartz6 points out that irradiation by heavy ion beams
has three significént aspects:
(1) The deep-seated tumor can be treated more efficiently

by permitting delivery of optimal dosage levels to the



tumor site while minimizing the fringe dose to healthy

tissue;

(2) The depth dose and therapeutic ratio (ratio of the tumor
lethal dose and normal tolerance dose) can be improved
since at superficial depths there is a low linear energy
transfer (LET) and a low relative biological effective-
ness (RBE), but at interior depths as the Bragg-peak is
approached the RBE is relatively large;

(3) In the relatively anoxic tumor tissue, a low oxygen
enhancement ratio (OER) is achieved by high LET parti-
cles penetrating to significant depths.

Other theoretical advantages have been proposed and some

feasibility studies are in progress for use of deuteronh,

proton5, and ﬂ'-meson6 beams. The first two have geometrical
advantages rather than biological; the third has biological
advantages but has a problem of production in quantity.

Neutrons then are the next logical selection.

Shortly after the discovery of the neutron in 1932 by
Chadwick, the possibility of its therapeutic use was recog-
nized.7 During the past thirty years, however, consideration
of neutron beam application was discouraged due to lack of
knowledge about neutron damage effects on tissue® and the
inaccessibility and high cost of available neutron sources.
Even recently little importance was attached to the use cf a
thermal neutron beam in treatment because its attenuation in

tissue is too rapid.9 Increasing the relative number of



epithermal neutrons in a beam increased penetration, but this
modification was only as effective at about three cms depth
as the thermal neutron beam was at the tissue surfaceolO Due
to these considerations it is understandable that the success-
ful techniques in use today employ only x-, T-, and B-rays.
The disadvantages of neutron therapy may be eliminated and
techniques made more flexible by using a capsulated source of
fast neutrons as an intracavity or interstitial implantation.

The recent availability of transufanic elements, which
undergo spontaneous fission, has promoted the development of
a unique neutron source. Capsulated californium-252 neutron
sources--developed at the Savannah River Laboratory, Aiken,
South Carolina--have the advantages of reliability, conven-
ience, availability, and economyoll Milligram quantities of
this radioisotope are available now; but several grams may be
accessible to industry, medicine, research, and education by
the 1970's. Californium-252 is more practical than conven-
tional isotopic neutron sources due to its intense neutron
emission, ease of fabrication with variable geometries, small
volume, reasonable half-life, and low heat emission.t?® With
the advent of these small, self-contained sources, "in vive"
neutron irradiation has become feasible.

Utilizing fast neutrons in radiotherapy has several
theoretical advantages over conventional radiation:
(1) smaller depth dose,

(2) decreased oxygen-enhancement-ratio,



(3) greater RBE thru increased energy deposition in a cell,
(4) greater RBE with dose fractionation,
(5) greater inhibition of tumor recurrence,
(6)  greater absorption in tissues with hydrogen (fatty
tumors) .
Usihg a fast neutron beam, instead of a 250 kvp x-ray beam,
would be equivalent to an increase of dose by a factor of
1.7, specifically to less oxygenated cells without an increase
of dose to healthy cells in the treated region.14 Having
neutrons originate from within a tumor, as in an implant,
decreases the dose to healthy tissue and damages primarily
the cancerous cells at their site. An interstitial implant,
compared with the dose contributéd by six collimated beams,
would reduce by a factor of ten the neutron dose to healthy
tissue.1? Thus an increased dose to the tumor, effecting a
larger kill, would increase the probability of cure.
Evidently, a self-contained, radioactive, neutron source
may have advantages that outweigh any disadvantages for radio-
therapeutic applications. Now three problems face the thera-
pists: first, estimation of the advantage that fast neutrons
may have in treatment of cancer as compared to T- and x-rays;
second, development of a practical scheme of dose measurement;
third, determination of the fractionation required to obtain

16 pointed out, the

optimum treatment. As Paterson and Parker
clinician requires a system of dosage that provides the answers

to two questions--what quantity of radiation is required to



produce a particular effect and what is the best distribution
of ﬁhe dose for this effect.

The purpose of this investigation was to describe the
fast neutron dose rate in millirad per hour around a linear
%52Cf source in a simulated tissue environment using a prac-
tical dosimetry system. Two methods of measurement were used
to determine the dose rate decrease with increasing tissue :
depth--silicon diode dosimeters and activation threshold
foils. In addition, the diode dosimeters were used to meas-
ure the fast neutron dose distribution in a single plane of
18 cm® area around the <92Cf source. Based on this distri-
bution, an isodose chart was established. Thus, one step

has been taken toward the practical application of 252Cf to

radiation therapy.



CHAPTER II

PRINCIPLE OF MEASUREMENT OF FAST NEUTRON DOSE

General Principles

Further development of radiation therapy requires inves-
tigation and exploitation of radio-physical principles.
Surface applicators and implants involve very small distances
between the sources and the sites of interest in the target
volume. As a result, high dose gradients are enéountered SO
that dose specification is difficult.t’ The problem of dosi-
metry of a spectrum of neutrons, such as those emitted by
%52Cf, must be solved before useful application of the nuclide
as a source for radiobiology or medical technology is pos-
sible. Neutron fluence rate, energy spectrum, and angular
distribution give a fundamental description of the neutron
radiation field. From these basics, physical dose can be
determined.

A macroscopic measure of interaction is best described
as the energy imparted per unit mass of material. The first
collisions of the primary particles with nuclei or electrons
are based on the scattering cross section. The secondary
charged particles produced transfer their kinetic energy to

the material by way of excitation and ionization of molecules.
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First collision dose for neutrons, then, is the transfer of
energy from primary uncharged particles to secondary charged
particles within a small volume element. A general term
covering this process is the KERMA. If complete charged par-
ticle equilibrium exists or if the detector is so small that
a negligible part of the energy absorbed results from direct
interaction of the primary radiation, KERMA values roughly
equal absorbed dose values. In the situation of fast neu-
trons incident on tissue, the mean free paths of the neutrons
aremuch greater than the ranges of the heavy secondary charged
particles, which are mainly protons. For the exposure con-
ditions of this study, charged particle equilibrium can be
assumed at any point.18

For neutron monitoring, it is possible to obtain dose
by several methods,19 Derivation of dose from neutron fluence
depends only on a knowledge of the KERMA/fluence relation and
the neutron energy spectrum. NBS Handbook 75 tabulates the
first collision dose, or more properly KERMA, for elastic
scattering processes in tissue due to fast neutrons. Recently,
more accurate revisions of the calculations were publishedo20
The revised curves of KERMA vs. neutron energy from 0.1l to
10,0 MeV include consideration of new elastic scattering
cross~-section data, of angular distribution data, of noniso-
tropic as well as isotropic scattering data, and of the I.C.RwP.

"Standard Man"?l composition. The revised KERMA data for

standard man are similar to those presented earlier, except
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for a slight divergence above 3 MeV.

The two techniques used in this experiment, silicon
diodes and activation threshold foils, are fluence measuring
devices. Although the relative flux distribution of 222Cf
neutrons above 0.1 MeV changes with increasing distance from
the source into the phantom material, the dose equivalent
does not change appreciably.23 So an unmoderated <?2Cf fis-
sion distribution was assumed present at any point considered.
The measured neutron flux was correlated to an equivalent
energy deposition in a gram of material by multiplying the
neutron spectrum actually entering that gram by the KERMA/
fluence relationship (revised). This was an underestimate,
but nevertheless a good approximation, of the total neutron
absorbed dose.

The energy deposition of a neutron in tissue is compli-
cated by a variety of interactions possible, by large changes
in the interaction cross section with energy, and by varia-
tions of RBE associated with the charged particles. A com-
plete analysis of the several interaction processes of neu-
trons with a hydrogenous material is presented by Betheo22
For neutrons of thermal or intermediate (0.5 eV to 10 keV)
energy, most of the dose is imparted in the process of neu-
tron absorption. The principle interactions are the
lH(n,w)zH and th(n,p)th reactions. They contribute 10-15%

of the total dose, depending on the depth of tissue irradiated

and consequently on the average incident neutron energy.23
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At depths greater than three cms, build-up of absorbed dose
from the hydrogen capture T-rays becomes prominent. But this
is probably insignificant compared to the fission product
gamma-ray dose.10 Fast neutrons interacting with low atomic
number materials--especially hydrogen--in tissue account for
80 to 90% of the total absorbed dose. This is true because
the hydrogen atoms are more abundant and a large average
fraction of the energy lost in an elastic collision is dissi-
pated by the lighter atoms. For beams of E =20.5 MeV the
contribution of the thermal dose is negligible, but is of
increasing importance as the average neutron energy of the
beam decreases.<k

One of the assumptions made for irradiation was that a
patient is a homogeneous volume of tissue. It is realized
though that a patient has a heterogeneous composition, and
such doses obtained under this assumption are only good
approximations. The usual corrections, applied for extra
absorption in bone or extra transmission in the lung, for the
curvature of surfaces encountered by the beam, or for the
fact that rart of the body being treated is much smaller than
the phantom in which the basic data was measured, are unnec-
essaryo

Neutron fluence may be measured using devices which:
(1) have high neutron sensitivity,
(2) have gamma-ray insensitivity,

(3) are small enough in volume to prevent considerable
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disturbance of the radiation field,

(4) are thin enough to insure that the probability of two
collisions by a single neutron with the material is
small but thick enough compared to the ranges of second-
ary charged particles produced.

Primarily two types of devices meet these criteria--silicon

semiconductor dosimeters and activation threshold foils.

Semiconductor Diode Method

The semiconductor neutron dosimeter is a silicon junc-
tion diode which can determine the integrated fast neutron
fluence incident upon it525’26 The wide base, conductivity-
modulated, n+-p-p+ device changes electrical characteristics
in a manner which is proportional to the incident neutron
fluence and corrésponding integral dose. A 50 mils base
width diode responds to a range of dose from 10-1000 rads.

The small volume, gamma-ray and thermal neutron insensitivity,
ruggedness, and permanency of dose related characteristic
changes make these devices particularly convenient to use in
radiobiological applications. Conversion of the fluence

value to an integral KERMA is straightforward. The few dis-
advantéges associated include temperature sensitivity, non-
linear energy dependence, and slight annealing of the neutron-
induced changes.

The diodes are made of 50 ohm-cm, low-oxygen silicon in
disk shape with two nickel end terminals for electrical con-

tacts. The silicon base width (d) is 50 mils and its diameter
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is 120 mils. A high resistivity material was selected to
provide a high carrier lifetime and a low carrier concentra-
tion in the base. Phosphorus is diffused on one face to form
the n+-p junction and boron is diffused on the other for the
pt-p junction. The (+) indicates a superdoping level exceed-

ing 1018 atoms per cubic centimeter. A side view of the
26

diode structure is presented in Figure 1.
Irradiating this silicon semiconductor with fast neutrons
causes lattice dislocations in its crystal structure, due to
elastic and inelastic scattering. Permanent recombination
centers are formed and, along with chemical impurities, tend
to trap excess carriers moving thru the material. Conse-
quently, the diffusion length (L), mobility of the excess
carriers (n), and the excess carrier lifetime (7T) are
decreased. These reductions produce a decrease of average
injected carrier concentration in the base region and are
manifested by an increase of the forward resistance (Rf) of
the device. A measurement of the change in Ry is achieved
by monitoring the increase in forward voltage (Vg) while
carrying an optimized, constant current of 100 milliamperes.
Calibration curves have been established which relate the
forward voltage to an incident fluence of fission spectrum
neutrons.<”2s27 For the stated range of dose sensitivity
(fluences below 1013 nvt), the increase in Vf is due to a

decrease in T according to the following relation:
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pt Region
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Terminal Silicon Terminal

FIG. 1 STRUCTURE OF THE SILICON DIODE DOSIMETER
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where Ty and T, are lifetimes after and before irradiation
respectively; @ is the effective lifetime damage constant in

the base region; and ¢ is the fast neutron fluence. Or
!
A(%) = Q Df

where Dy is the fast neutron dose in rads. Since X is rela-
ted to Vg,
AVe = B Dy

Thus the effect of a single parameter, carrier lifetime, and
its effect on the current-voltage characteristics of the diode
enables an ideal correlation to neutron bombardment. A com-
plete discussion and derivation of the previous ideas is pre-
sented by Swartz and Thurstono28

The sensitivity of the diode is a function of base
thickness (d) as well as carrier lifetime. The larger d, the
greater the sensitivity is. However, due to fabrication
limitations; a threshold exists; a d of fifty mils gives
optimum sensitivity and stability.2” Such diodes (Model PH-
50 from Phylatron Corporation, Columbus, Ohio) have a sensi-
tivity of about 2 mv/rado26 The r m s scatter of the mea-
sured dose is «5% for doses =50 rads; the precision of mea-
surement decreases with decreasing dose. Better precision

and accuracy of measurement would result from development of

a more sensitive read-out system with good temperature
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compensation and from modification of the device structure .2/
The diodes exhibit no dose rate dependence.
A second and more serious-problem is that the Ve is also

a function of temperature. If the diode is stored, exposed,

and read-out at a constant temperature (ambient), this problem

is minimigzed.

The response of the device is dependent on the incident
neutron energy°26:29’3l The variation of sensitivity for
energies from 0.30 to 5.0 MeV is about Enl/3 and from 5.0 to
22. MeV is not definitely established. Apparently, the
response drops rapidly below 0.20 MeV.

The diodes have discrimination against thermal neutron
and gamma-ray radiation. Six diodes were exposed to 108 nvt
in a thermal column beam from a reactor at Savannah River
Laboratory which had a cadmium ratio of about 120. No
response was detected. An exposure to about 6000 R from a
60Co source also produced no response.

The isothermal annealing (reordering) properties in the
base region of the fifty mils diodes have been investigated°30
The radiation-induced defects anneal due to two processes:

(1) a monomolecular process in which the defect concentration
has no dependence on the time dependence of anneal and (2) a
bimolecular process in which the defect concentration is
dependent on the time dependence of anneal. The structural
defects tend to interact with other imperfections, chemical

impurities, and dislocations and tend to be nullified.
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Changes in measured values are temperature and time dependent.
Data from experiments indicate the annealing is governed by
the breakup of the individual defect clusters. The first
investigations showed an anneal of 10 to 15% from a time two
hours after irradiation to a time twelve days later°27 How-
ever, later results showed as much as 30% anneal for the same
time interval30 (see Calibration section). The diodes have

a practical lower detection limit of about 10 rads, which
makes them too insensitive for use in low-level neutron dosi-
metry. However, they are relatively inexpensive, are easvy

to read, are convenient for exposures in complex geometry
situations, have an established absolute calibration rela-
tion, and are reliable to about *10% at 50 rads dose. These
semiconductor devices can be used as fast neutron dosimeters
by measuring the incident fluence from a known neutron energy

spectrum.

Activation Threshold Foil Method

The use of-activation threshold foils for detection of
fast neutron fluence has been common for many years in reactor
technology°32 The basis of the method is that neutrons are
allowed to interact with materials of known cross sections
and the fluence is determined by measurement of the induced
activity. The tissue dose then can be determined by calcula~
tion, utilizing the empirical relationship established between

neutron fluence and absorbed energy. In other words, the
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induced activity in the material is directly proportional to

the incident neutron fluence. The first generally accepted

division of a spectrum is described by Hurst et. g;i33 This
technique has several advantages:

(1) Threshold materials are insensitive to high gamma-ray
fluxes;

(2) Small volume, availability of materials, and variable
geometries allow convenience during exposure and evalu-
ation;

(3) Materials may be selected for response to neutrons in a
desired energy range;

(4) Activity produced by neutron interaction may easily be
related to tissue KERMA.

On the other hand the method has low and varying limits of

detectability, large errors present in cross section values,

and tedious calculations. JSeveral properties, or requirements,
exist for ideal activation monitors in relation to "in phan-
tom" measurements:

(1) Threshold energies should span the neutron energy region
of interest;

(2) Effective activation cross sections should be well known;
(3) Daughter product of the material should decay by a single
radiation process with a relatively long half-life;

(4) Detector material should be available with a high purity

from trace contaminants;
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(5) Detector material should have low cost and be easily
handled;

(6) Detector material and daughter product should be chemi-
cally stable and compatible to the environmental condi-
tions of irradiation. ¥
This method is most useful when prior knowledge of the

spectrum is available. For this investigation an unmoderated

fission spectrum is assumed. Because of the inaccuracies in
cross section values and decay schemes, the derivation of the
spectrum at each point of interest would be difficult to
derive with any meaningful results. Attempts have been made
to mathematically derive the spectrum; but, generally, these
are not satisfactory unless they incorporate an assumption

of some approximate spectral shapeo35
Elements useful to neutron activation methods must have

either a constant activation cross section over a wide range
of energy or a much larger one for a particular range. For
an ideal threshold reaction the cross section above some
threshold energy Eq is constant and below is zero. The dis-
tribution shape of any actual differential cross section
varies considerably. So an effective cross section can be
calculated which is an average value above some effective

Ep weighted for a given neutron spectrum (usually a fission

spectrum). The true cross section for activation as a func-

tion of neutron energy < (E) can be replaced by a constant,

effective cross section Sgrf by the following relation:
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00
& ¢(E)o~(E) dE
Sefr = 22

(E) dE
Eq ¢

where ¢(E) is the flux distribution function°36’37

The activation threshold foil system used for measure-
ments in this investigation was adapted from the criticality
neutron dosimeter described by Wright°38 The detectors con-
sist of copper for determining the flux from 2.0 eV to 1.0
MeV, indium for determining the flux above 1.0 MeV, and sul-
fur for determining the flux above 2.5 MeV. The dose can be
determined by

D =[1.4k foy + 288 (§1n - ¢s) * 3.9 ¢s] x 1079

where D is the KERMA times 0.0l rad/ergs/g; ¢gy» ¢1n» and
¢g are the neutron fluences (n/cm?) in their respective energy
ranges. The coefficients in the equation are the weighted
average KERMA/fluence facter. Appendix A describes the cal-
culations used for their determination. Table 1 presents a
few pertinent characteristics of the foil elements. Effective
cross section value for the copper (n,T) reaction is from

Anderson39, for the indium (n,n') reaction is from Bresestiho,

and for the sulfur (n,p) reaction is from Reinhardt3®.
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TABLE 1

Neutron Activation Foil Characteristics

Effective Product
Foil Nuclear Cross Energy Half-
Material | Reaction Section Range Life

(barns) (MeV)

Copper | ©3cu(n,7)b%cu 0.258 2.0 eV-1.0| 12.8 hr
(Cd-clad)| 29

Indium | 115In(n,n')115mIn| 0.155 1.0->8.0 4.4 hr
(Cd-clad)| 49

Sulfur igS(n,p)32P 0.229 2.5->8.0 1.2 d

The diffefential cross section for each of the foil elements
is presented in Figure 2. The effective cross section with
its Ep is also shown for sulfur. |

The following general expression relates the observed
counting rate (CPM) of the activated material to the inéident
neutron flux (¢ in n/em?/min):

b = (CPM)(Q)(CLF)
(W) (K) (N7) (Cerr) (1-e~ALY) (e=ALL)

where Q is the counter efficiency factor in d/count, CLF is

the empirical calibration factor in n/d, W is the foil

weight in grams, K is the natural isotopic abundance, NT is
the nuclear density in nuclei/gram, A is the decay constant
of the activated isotope in min~1, TO is the exposure time in

min, Tl is the time lapse between exposure stop and mid-point
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of the counting period in minutes. The CLF accounts for geo-
metry, backscatter, self-absorption in the foil, and absorp-
tion in the air, in the window of the counter, and in the foil
cover. Appendix B presents the equations and specific values
for conversion from CPM to ¢ for each type foil. All con-
stant terms used in calculating the foil measured flux are
presented to allow other investigators to draw directly from
the technique with a minimum of conversion.

Copper-63 has a response to neutrons with energies rang-
ing from 2 eV to about 1 MeV with a resonance energy peak at
580 eV. The differential cross section approaches 1.0 MeV
with a 1/E relation. This range extends much below the
assumed cut-off point of 0.10 MeV. However, below this, the
contribution of neutrons from the <92Cf fission spectrum is
<1% of the total, and the dose conversion factor is ten times
lower than factors above that energy. So a small dose, which
is not considered to be in the sensibive range of this system,
is included in the copper region dose values. The copper
(n,v) reaction produces 640u which decays by electron capture
(42%), positron emission (19%), and negatron emission (39%)
at a 12.8 hr half-life. A low level, gas flow, GM-type beta
counting system was convenient to detect the copper activa-
tion levels. The counter background was 0.6 cpm; and the
‘counter efficiency was 43.4%, based on a 32P standard. A
competing reaction produced 66cy (5 minute half-life), but a

short wait before counting reduced any interference. To
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minimize the response to neutrons below 2 eV, the copper
foils were clad with 35 mils thick cadmium. Each foil had
a 7/32indiameter and was 5 mils thick, exposing about 113.5
mg/cm® of material to the incident flux.

Elemental indium is composed of two isotopes--4.2% 113In
and 95.8% 1151n by weight. Both isotopes have a large ther-
mal neutron cross section,uwhiﬁh can be eliminated from con-
sideration by covering the indium foil during exposure with
35 mils thick cadmium. Two interactions remain responsive to
epi-cadmium neutrons. The inelastic scatter interaction of
fast neutrons has a threshold at 0.45 MeV but only becomes
significant around 1.0 MeV. The reaction product 115myy
undergoes isomeric transition (95%) and decays to 115gn by
beta emission (5%) at a 4.4 hr half-life. The capture reac-
tion, which has a resonance above the cadmium cut-off, pro-
duces llémln° This isomer may decay to 1168n by one of three
beta modes and a series of gamma-rays at a 54 min half-life.
Obviously, gamma spectroscopic methods were required to dis-
tinguish the activation level of the desired inelastic scat-
ter reaction. A low level scintillation system with a 9 in
Nal well crystal was used to analyze the indium foils. The
second section of Appendix B presents a detailed explanation
of the analysis procedure. All indium foils were the same
size as the copper foils.

Sulfur-32 has a convenient threshold response to fast

neutrons with energies >2.5 MeV. The reaction produces 32p
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which decays by simple beta emission with a half-life of 14.3
days. The same low level beta counter used for copper foil
counting was used. To increase the probability of inter-
action in as small a volume as possible the sulfur powder was
pressed into pellet form with a density of 2 gm/cm3. Each
pellet was 8/32 in diameter and was either 115 or 155 mils
thick. Preparation for counting involved burning of the sul-
fur pellet on a coﬁnting planchet, leaving the 32p depositgd.
The counting sensitivity of this technique increases since
a burned sulfur sample gives the same count rate as an
unburned sample of zero thickness if all the 32p is recovered.,36
Materials which have known differential cross sections
can be used to relate induced activity to an incident neutron
flux. In turn, this flux can be related to tissue KERMA for
a known neutron energy distribution. The three materials
sulfur, indium (cadmium-clad), and copper (cadmium-clad) are
serviceable to evaluate the flux in three energy ranges above
2.0 eV of a fission spectrum. Properly calibrated, this

system is a reasonable fast neutron dosimeter.



CHAPTER III

EXPERIMENTAL PROCEDURE

Method of Irradiation

As an approximation to the human torso, a right, ellip-~
tical cylinder (axis 20 cm x 36 cm; 60 cm tall) was con-
structed from 0.64 cm polyethylene and filled with a tissue-
equivalent (T-E) solution. This solution has the same rela-
tive atomic composition as found in average wet human tissue.
The compounds used are distilled water, sucrose, and urea,
resulting in 10% H, 4% N, 74% O, and 12% C by weight.%!

The neutrons were obtained from a linear californium-
252 source, encapsulated like a cell-loaded radium needle
(see Figure 3). The linear source was prepared by uniformly
electrodepositing californium hydroxide on a 2.0 cm length
of thin platinum-iridium wire. Heating the wire changed the
deposition to relatively insoluble californium-oxide. The
wire was placed in a platinum cell which was sealed with a
silver-soldered cap.42 A helium leak detector tested the
integrity of the cell by exposing it to 30 psi helium for 30
minutes; any leak rate was approximately the lower detecta-
bility of the instrument (<2 x 10~9 cm3/sec). The cell was
placed in a platinum-iridium sheath with a threaded cap and

was silver-soldered shut. Another leak test was performed.

25
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Calculations show that the cell can withstand the internal
pressure buildup from fission product gases and helium from
alpha decayoL"3

The neutron source strength was determined using a man-
ganese sulfate bath, which is cross-calibrated with the
National Bureau of Standards (NBS) system. The absolute
emission rate was 1.058 * 0.012 x 107 n/sec on August 8, 1967;
'this corresponds to an equivalent Cf mass of 4.529 ¥ 0.04 ug.
Due to the presence of a 1.1% contamination of 254ce in the
source material for the <52Cf needle, the effective half-life
of 2.55 yrs was not present. Successive absolute neutron
emission calibrations, made with the’manganese sulfate bath,
indicate a shorter initial half-life. All dose measurements
are normalized to correspond to the source strength on the
day these experiments were initiated.

Since 2°2Cf undergoes spontaneous fission, a typical
fission neutron spectrum is produced with neutron energies
ranging from 0.003 to 15.0 MeV. The portion of neutrons
above 7.5 MeV is of such low prevalence that its contribution
to the total fast neutron dose is insignificant for this
study. The energy spectrum is described by the empirical
expression N(E)  e=0.88E SINH [(Z.OE)%], where N(E) is the
number of neutrons of energy E per unit energy.hh The average
neutron energy (E,) is 2.34 MeV and the most probable neutron
energy is about 0.7 MeV. Fields and Diamond present a com-

plete review of 252Cf as a .neutrcon source . *>
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Experimental Conditions

The dose rate drop-off in a plane perpendicular to the
central axis of the source was measured at 0.5 cm intervals
to a distance of 4.0 cm. The centers of the dosimeters and
the center of the source were adjusted to be in a plane. A
plexiglas sheet (0.32 cm x 10 ecm x 15 cm) provided a constant,
reproducible geometry with a machineq groove for the needle
and with holes for the diodes or slots for the foils. Com-
parative dose measurements made with and without the sup-
porting material agreed within the experimental error, show-
ing that the plexiglas had no observable difference in neu-
tron absorption properties from that of the solution. A
typical exposure geometry for the two systems is exemplified
by the foil lay~out pictured with the phantom in Figure 4.

Exposure times varied from 5 to 60 hrs, depending on the
distance from the needle. The cross sectional area of the
foils was about 0.242 em? and of the diodes was about 0.04
cm?. Optimum geometry for a point detector required a
smaller foil area, but enough material was needed to produce
ai activation level above that required for the minimum
counting sensitivity.

Both systems of dosimeters were compared by measuring
the same dose drop-off. If they agreed, the simpler and
quicker diode system then could be used to determine the dose
rates on a 0.5 cm grid over an 18 cm? area around the needle.
The source was assumed to have isotropic emission, allowing

measurements on either half of the chosen plane around the



FIG. 4 EXAMPLE FOIL EXPOSURE LAY-OUT READY FOR IMMERSION
IN TISSUE-EQUIVALENT PHANTOM
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needle. Dose rates were measured at 78 points with 4 to 8
runs per point. A typical planar exposure arrangement for
the diodes is shown in Figure 5. By appropriate interpola-
tion of dose rates on the grid, isodose lines were drawn.
Such lines indicate the contour variation of the dose pattern

over the area adjacent to the source.

Calibration

Since absolute as well as relative results were desired;
a calibration of the two dosimetry systems was required. The
Health Physics Research Reactor (HPRR) at the Oak Ridge
National Laboratory DOSAR Facility was chosen as a neutron
calibration source because it has a well-known neutron spec-
trum shape and its personnel have made successful advances to
have it accepted as a national and international intercompari-
son standard for dosimetry systemsol*-6 This reactor is a
small, unshielded and uncooled, fast reactor of the Godiva
type.#1 A comparison of the HPRR and californium unmoderated
neutron energy spectra is shown in Figure 6045’48 The per-
centage of total flux in the three ranges considered by the

threshold materials is shown in Table 2 for both spectra.



FIG. 5 EXAMPLE DIODE EXPOSURE LAY-OUT
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TABLE 2

Comparison of Neutron Flux Percentage in Three Energy Ranges

e DS

Energy Range
Spectrum
Ool-loo MeV 100—205 MeV 205 MeV up
Californium-252 25.9% 39.5 34.6
HPRR 4L6.9 35.1 18.0

Although the spectra are different in shape and average
energy, the weighted average dose conversion factors are
approximately the same (see Table 3). Appendix A presents

a derivation of these factors.

TABLE 3

Comparison of Weighted Average Dose Conversion Factors

Energy Range
Spectrum
Ool-loo MeV 100-205 Mev 205 MeV up
Californium-252 | l.44x10~9 2.88 3.90
rad/n/cm?
HPRR 1.50 2.80 3.97

On October 25, 1967, the two dosimetry systems were

exposed in air to HPRR for a sixty minute run at 175 watts,
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producing a neutron flux above 100 KeV of 6.24 x 1010 n/cm?.
Computed in accord with the HPRR spectrum, this flux implied
a dose of 163.3 * 6.2 rads at 2.0 m and 72.6 rads at 3.0 m.
The accepted primary source for this dose is the initial count
rate (ICR) of the activation sulfur pellet established by
DOSAR as the normalization channel.*® Calibration was empi-
rical so the accuracy of the investigation depends on the
exactness of the neutron dose values obtained from DOSAR. A
long run rather than a burst was used to approximate actual
exposure situations. The reactor height and detector height
were 2.0 m above the floor of the reactor room.

The purposes for calibration were threefold: (1) to
derive calibration factors for the geometries of the foil
system, (2) to test the accuracy of the read-out system
using the absolute diode voltage response curve, (3) to
establish a relationship between the initial forward voltage
 Vg)i and the diode re-use factor (R). For calibration, the
foil system consisted of six copper and six indium, cadmium-
clad, foils and twelve sulfur pellets. Except for the sulfur,
the system was identical to that used for the Cf dose measure-
ments. An average fluence of 2.12 x 10° d/cm? was computed
for the copper foils; dividing this into the known fluence in
the copper region of the energy spectrum, 3.19 x 1010 n/cmz,
the copper calibration factor (CLFC) is 1.51 neutrons/
disintegration. The ratio for indium foils (CLFG) is 1.50

neutrons/count, Since a secondary standard of phosphorus-32
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was obtained, the counter efficiency factor (d/c) was known

for the sulfur samples. The similar ratio for sulfur (CLFS)
is 0.80 n/d. As stated in Chapter II, two thicknesses of
sulfur pellet were used for the dose evaluation close to the
californium needle. Consequently, fourteen pellets, ranging
in thickness from 75-279 mils, were included in the calibra-
tion to determine if there was any effect on the activation,
or subsequent counting, due to pellet thickness. Comparison
of disintegrations per minute per gram (dpm/g) with pellet
thickness (mils) revealed that all data fell within a stand-
ard deviation of 8.,0% at the 95% confidence level. Certainly,
little change of response existed between the 155 mils and
115 mils thick pellets.

Forty-one diodes were calibrated at ambient temperature.
The resulting increase of Ve was used to calibrate the read-
out system and establish a relationship for the re-use factor
as a function of initial Ve. Kramer<? and Thurston et. alo26
had already established an absolute calibration curve for the
response of the PH-50 type diodes (at Vg = 1.00 volt) with
neutron dose by exposing them to fast neutron bursts from
several reactor facilities. They checked system calibration
at high dose levels-at the Sandia Pulsed Reactor Facility,
DOSAR, Ohio State University Research Reactor, and Battelle
Research Reactor. Additional low dose sensitivity with long
exposure times was determined with a PuBe, secondary standard,

neutron source.26 Diodes having low Vf)i (<1.000 volts) were
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especially considered for response. A Watt fission spectrum

was assumed for conversion of the measured neutron flux to
dose. Then all calibrations were averaged and re-adjusted to
conform to the fast neutron dosimetry used at DOSAR. The PH-
50 average calibration curve (Figure 7, after two hour ambient
temperature anneal) was accepted as the correct absolute
response curve.27 For maximum accuracy each diode should be
individually calibrated to account for its inherent varia-
tions. But a calibration exposure would destroy the virgin
properties of the device. Since the interaction process,
which produces the change in electrical characteristics, is
a statistical one, a spread of response with an acceptable
average response is expected. According to Chase et. al°27,
these dosimeters measure fast neutron doses to accuracies of
¥10% and have a relative r m s deviation between individual
dosimeﬁers not greater than 10% in a dose range from 5-500
rads. The SNDR-2 diode reader (designed and built by Phyla-
tron Corpération, Columbus, Ohio) was calibrated within *0.5%
against a secondary standard voltmeter for conditions of read-
out, i.e. 100 milliamperes constant current with full scale
voltage of 2.5 volts.

Periodic measurements of the isothermal decrease of the
Ve were made on the forty-one diodes over a 450 hour inter-
val. The effect of room temperature regeneration processes
is shown in Figure 8 as percentage Vg¢)o hr unannealed versus

time after exposure. The ordinate is calculated as the ratio
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of the extrapolated Ve at two hours and the Vg at time t
from exposure stop. The diode recovery from the radiation
damage seems to follow an exponential rate for an extended
exposure; however, the annealing rate following a burst expo-
sure; except for a greater rate, is quite similar to that
reported in the literature.30

The dose on each diode was determined by applying the
appropriate voltage correction for annealing at the time of
read-out to the two hour voltage; the calibration curve sup-
plied the corresponding dose value in rads for the iﬁitial
and two hour voltage; by subtracting the two dose values,
the proper dose to the diode was obtainé-do26 Applying this
procedure to the HPRR exposure, the average calculated dose
was 185.7 rads ¥ 13.7% for the twenty-seven diodes exposed
at 2.0 m and was 82.6 rads ¥ 13.8% for the fourteen diodes
exposed at 3.0 m. The errors are stated at the 95% confi-
dence level.

It was noticed that the calculated dose value increased
with increasing Vg)j. The diode response curve was based on
measurements with diodes having a Vg)j = 1.00 volts, but the
diodes used in this calibration had Vg); ranging from 0.900
volts to 1.430 volts. Since the sensitivity of the semi-
conductor device increases with increasing Ve, it would seem
reasonable to expect such a trend in the calculated doses.
Consequently, a re-use factor (R), defined as the ratio of

the actual dose in rads and the dose based on V¢)p pp, in
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rads, was implemented to correct for this effect. A plot of
Vel)i versus R, shown in Figure 9, was plotted from forty data
values and was analyzed by linear least squares. The line
has a 98.1% correlation with a 2.5% standard error of esti-
mate; its equation is |

Ve); + 1.03 R - 2,07 =0
This correction allows the use of diodes having a wider range
of Vf)i than formerly possible. Using the calibration results, K
a dose to the diodes is calculated from the Vg according to
the absolute response curve, corrected for anneal following
exposure stop, and corrected for a high initial Vg with the
re-use factor.

As a test for the calibration, twenty diodes were exposed
to an unmoderated, fast neutron, burst exposure from the HPRR
during the Fourth Nuclear Accident Dosimetry Intercalibration
Study on December 6, 1967. The average dose value determined
by the eight participants was 479 rads ¥ 16.2%. Considering
the diodes V¢ = 1.00 volt and applying no re-use correction,
the calculated average dose was 554 rads, which is a 15.6%
relative error. Applying all the corrections, the value was
538 rads ¥ 7.8%; this relative error is only 12.3%.

The diode anneal of neutron damage was followed for this
group of 46 diodes for 150 hrs after exposure stop. The lower
curve on Figure 8 shows an annealing rate with the same rela-
tive shape as found in the literature, but with a slightly

increased rate.
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CHAPTER IV
DOSE DISTRIBUTION AROUND A CALIFORNIUM-252 NEEDLE
Results

Central Axis Depth Dose

The first objective was to determine by two methods
the dose rate distribution along a line perpendicular to the
central axis of the californium needle at its center. With
the source submerged in a phantom filled with T-E solution,
this distribution describes the dose rate decrease with
increasing thickness of a homogeneous tissue-like material.
A plot of the distribution for each of the three activation
threshold materials used is shown in Figure 10. At least
four measurements were made at each distance for each foil,
while as many as eight runs were made for some indium foils.

Similar measurements were performed using the PH-50
fast neutron dosimeters. Five or more determinations were
averaged at each poiht. A plot of the diode results along
with the total foil results is shown in Figure 11. The
error bars represent the 26 r m s. deviation of the diode
measurements only. It is seen that both curves show a con-
tinuous drop in dose rate reaching about 2.0% of the 0.5 cm

dose rate at 4.5 cm depth. The average of déviations for all

L2
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points was * 15.7% for the diode method and was ¥ 55.0% for
the foil system. A comparison of the average data and its
deviations for both methods is presented in Table 4. The
last column shows the percentage difference of the totals at

each point.

Isodose Chart

The other objective was to determine the dose rate
distribution over an 18 cm? area lying in the same plane as
the needle. Since the reliability of the semiconductor dosi-
meter was established for simulated "in vivo" dose evalua-
tions with the preceding results, this system was used exclu-
sively to define the dose rate at 78 points in a 0.5 cm grid
over the area. Again a minimum of four measurements were
averaged at each point; the data values are shown in Figure
12. Standard deviations ranged from 3.0% to 37.0% with the
total average deviation being 18.7% (see Figure 13). Using
the information from the longitudinal dose distribution
curves shown in Figure 14, the pattern of absorbed radiation
energy in the tissue adjacent to the needle can be depicted

graphically in the form of an isodose chart as in Figure 15.

Analysis and Discussion

Central Axis Depth Dose
Determination of the radiation intensity at various

points around a source requires an equation expressing the



TABLE L4

Central Axlis Depth Dose and Percentage r m s Standard Deviation for Two Dosimetry Techniques

Activation Threshold System

Silicon Dicde System

Tissue (mrad/hr/pg) (mrad/hr/} pg) Percentage
Depth Difference
(cms) Copper Indium Sulfur Total Total of Totals
(0.1-1.0 MeV)|(1.0-2.5 MeV) {(2.5->8.0 MeV)|(0.1->8.0 MeV) (0.1->8.0 MeV)
0.5 |[139. #*25.% |h92. % 2Lh.% [2350. * LO.% [2980. ¥ L0.% 3587. * 5.7% 18.5
1.0 89.1 £ 35. (263. % 38. |573. *11. | 925. %53, 1228, % 9.9 28.1
1.5 || 69.3%39. [133. #53. |25h. *1L. | Ls6. % 67. 5L9: * 5.9 18.6
2.0 63.3 ¥ 37. | 75.8 £37. | 148, % 18. | 287. 58 298. * 32.) 3.6
2.5 43.8 £13. | 49.9 % 51, 96.7 £14. | 190, % 5), 200. % 11,9 L.9
3.0 h2.3 £20. | 34.8 £ 49, 58.2 £ 20. | 135. %53, 130. % 16.8 .1
3.5 35.7 £ 29, | 23.8 & L49. h2,1 + 21, | 102, % 60. 81.2 * 12,8 22.3
4.0 31,9 +18. | 15.6 ¥ oh. 30.0 %13, 77.5 * 58, 60.8 % 30.0 2h.1
Avg., £ 27.% | Avg. £ LL.% Avg. ¥ 16.% Avg. % 15,79

Avg. ¥ 55.%

9%
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geometric relations between the source and the detector. The

experimental arrangement of exposure for the central axis

dose data of Figure 11 is shown in Figure 16.

FIG. 16 GEOMETRY OF EXPOSURE FOR THE LINE SOURCE AND DETECTOR.

The contribution of dl to the flux (¢D) can be summed over L
to determine the radiation flux at point D by using the

expression of Sievert's Integral:

e

BSL, S o ~Hr sec ede
¢p = 7wF o

SL is the source strength, B is the buildup factor, and p is

the absorption coefficient.?9 The integral in the expression

lends itself to evaluation by the approximation method of

51 Once the flux at a point

Gaussian numerical integration.
is known, only the neutron energy spectrum is needed in order
to calculate the neutron dose.
The data for central axis depth dose can be fitted to a
simpler exponential form:
Dy = (Dg,5 B e~ X/L)(1/%).

D, represents the neutron dose rate under the conditions

established by any particular value of tissue thickness x;
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Dg,5 is the dose rate at 0.5 cm from the source center along
the central axis in tissue-equivalent (T-E) solution; B is the
buildup factor due to the presence of material in the radia-
tion field; and L is the relaxation length. This exponential
fit is justified as an empirical fit only; no theoretical
significance is attached to it. An exponential fit, based
on diode measurements, is shown in Figure 17 with relation
to a 1/x, 1/x%, and 1/x3 dependence. The line for f(x) = x
represents the data with the inverse distance factor removed.
Thus, the resulting straight line shows only the dose depend-
ence on the intervening tissue thickness. When analyzed by
linear least squares method, the data has a 99.3% correlation
to the exponential fit. The similar data for the foil mea-
surements has a 98.3% correlation. Mathematically, it was
expedient to minimize the logarithm function rather than the
equation, i.e.

Y1 [{1n(B) - X3/1} - 1n (X4 Dx/DO°5)] = minimum
From this minimization, the two constants characteristic of
the source and the phantom are L = 2.73 cm for relaxation
length and B = 0.216 for buildup factor. It can not be
assumed that the neutrons were striking normally or uniformly
on the detector volume. This value for L would be increased
slightly if a point source was used. The value of L, as well
as B, is dependent on the phantom size, especially when the
phantom is small.’? It should be noted that L has approxi-

mately the same value with increasing tissue thickness when
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measured in terms of dose, if the neutron energy spectrum
does not change significantly with depth in tissue.

Deviation of the diode data from a true exponential
relationship may be due to this spectral alteration. When
the percentage dose in each energy interval covered by the
three activation foil materials is plotted as a function
tissue thickness, a spectral change is apparent. A beam of
neutrons with mixed energies traversing a T-E phantom may
experience two processes, namely filtration of the lower
energy components and degradation of all parts of the spec-
trum by scattering. These processes act in opposite direc-
tions in producing spectral shifts with depth. Filtration
would not be evident in these dose considerations since low
energy neutrons contribute only a small fraction of the total
fast dose. Scattering causes a reduction in mean energy at
a depth and is the reason for depth dose decrease.

Field and Parnell studied the changes in a fast neutron
spectrum with increasing depth in a T-E phantom, using acti-
vation threshold materials.,53 They concluded that filtration
was the reason for a slight upward shift of the spectrum with
depth. The lowest limit of the energy range considered was
2.9 MeV; consequently, their observations do not pertain to
the total effect on redistribution of the fast neutron dose.
When the consideration is expanded to include neutron energies
down to 10 keV, the spectral change, and corresponding dose

redistribution, is evidently due to degradation. As seen
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from Figure 18, the dose percentage in the copper region

builds up at the expense of the indium and sulfur regions,
mostly the sulfur region. At some distance greater than 4.0
cm the dose in the copper region would reach a maximum, then
decrease rapidly. Such changes in spectral shape are impor-
tant to consider for a therapeutic application because the
RBE and oxygen enhancement ratio of the radiation field at a
depth might be altered in relation to their values at the
surface.

The two methods for dose distribution measurement show
good agreement. Certainly, the PH-50 diode system exhibits
greater precision and convenience than the foil system. The
relative error between systems ranges from 3.6% at 2.0 cm to
28 % at 1.0 cm. One system can not be preferred for the
other with respect to accuracy. No particular significance
is attached to the crossing of the curves in Figure 11; how-
ever, it can be explained. The diodes have an energy depend-
ence that drops off quite rapidly below 0.3 MeV. Degradation
of the neutron energies must have become significant enough
at depths >2.0 cm to correspond with the slight decrease in
diode sensitivity. Foil measurements at such depths would
achieve greater accuracy by approaching ideal point detector-
source conditions. On the other hand, diode measurements
close to the needle, (<2.0 cm ) have optimum sensitivity and

better geometry conditions for exposure than the foils.
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FIG. 18 RELATIVE NEUTRON DOSE PERCENTAGE CHANGE AS A FUNCTION OF

TISSUE DEPTH WITH NEUTRON ENERGY AS THE PARAMETER
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A point to consider when referring to accuracy of the
diode measurements is that the HPRR spectfum, used for cali-
bration, is a softer spectrum than that of 2520f, as shown
in Table 2. Although the energy dependence and sensitivity
of the diode vary as the one-third power of the neutron
energy, the changes in the neutron energy distribution of
the californium spectrum with increasing moderation and of
the HPRR fission spectrum in the narrow range of 0.1-8.0 MeV
have been assumed to introduce negligible differences in
evaluations of the fast neutron donse.

The largest error of the diode technique lies in the
inaccuracy for rate of room temperature isothermal annealing
processes during and after exposures, especially extended

exposures. An analysis of these processes, first reported
by Chase et. al,27, showed rates, based on voltage anneal,
as much as 30% less than that reported by Swartz et. al°28
The analysis of a large population of diodes (41) reported
herein (Figure 8) shows an average difference of 2.6% in
voltage regeneration after exposure to a burst or to an
extended exposure. Although the observed difference is small
for voltage consideration, projected to dose calculations,
the error due to inaccurate annealing corrections could be

as high as 35%. depending on the dose and Vg); of the diode.
The dosimeters are dose rate independent, but they are time
dependent. So,some type of anneal takes place during long:

runs such as those required for this investigation. If an
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exponential rate of anneal is assumed, the exposure annealing
which occurs for runs within sixty hours time has no appre-
ciable effect on the final Vg; therefore, all anneal correc-
tions were made from the time of exposure stop.

Another source of error is associated with the actual
read-out of the diode. Care was exercised to prevent heat
buildup (i%R) from the inherent diode resistance. For some
voltages, especially large V¢ values (1.8 volts), the tempera-
ture change associated with sustained read-out caused as much
as 100% error. When the voltage rise due to neutron bombard-
ment is very large, as much as 15 volts, pulsed read-out
techniques are required.54

Although the diodes are temperature dependent, the small
variation from room temperature (¥3°F) during storage and
exposure has an inconsequential effect on the precision of.
the dosimeters. An error of #0.025 volts persists in read-
out regardless of the Vg. Error due to graphical interpre-
tation of the caliﬁrafidn curve amounts to about #2 rads for
any Vpe Ultimately, the complete analysis indicated and the
good correlation with the expected result established that
the semiconductor PH-50 neutron dosimeters are a convenient,
dependable, and precise technique for measuring fast neutron
dose in a T-E material.

In regard to the foil system, the agreement with the
expected results is acceptable. The copper, indium, and sul-

fur measurements have average errors at the 95% confidence



59

level of * 27%, * LL%, and ¥ 16%, respectively. These errors
compare favorably with the diode system error. The total
average deviation, which reflects a compound error from the
three foils, is * 55%. ’

Further analysis indicates a large error is contributed
by the indium foil measurements. Detection of the foil acti-
vation by a scintillation technique at a low-level foil acti-
vity is difficult because of the high background. The method
of calculation involves subtracting two count rates near
background level. This method is necessary because a slightly
higher energy gamma ray contributes an interfering Compton
electron distribution. Another error, ordinarily insignifi-
cant, is the shift in analyzer gain, which affects the gross
counts under the desired photopeak. It was determined that
the error of dose measurement with the indium foil increased
with tissue thickness. due to the relative change in contri-
bution to activation from the interfering (n,7T) reaction; as
the spectrum was degraded by increasing moderation, the 116myy
activation increased. A compounded error is present in the
dose values computed from the intermediate flux because this

flux is the difference between the indium and sulfur measured

fluxes and combines the errors from each measurement.

Isodose Qhart
Since the results from the two dose measurement tech-

niques show good agreement for the depth dose data, the PH-50
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diode method was the logical choice for use in establishing
the neutron isodose curves around the californium needle.

A1l the previous comments concerning error in the diode tech-
nique apply here too. An average deviation for all points

at the 95% confidence level is 18.7%. This is an increase
from the over-all average error of the depth dose data. At
least five measureﬁents were made at each point and averaged
for the data in Figure 15,

The precision of measurement decreases with increasing
distance from the source because of the low dose rates. Long
exposure times (up to 60 hrs) were required to achieve a
detectable change in the diode electrical characteristics.
The reported values for dose rate at distances from the needle
are siightly low as previously indicated by the central axis
depth dose curve. The error is present because of the slight
drop in diode sensitivity accompanying each degrading change
in the neutron energy spectrum.

The longitudinal distribution of dose rate shows a
slight skewness away from the eyelet end of the needle. The
reason for this is that the neutron flux at the eyelet end is
depressed, possibly due to the attenuation achieved in the
threaded cap, which has about 30% more platinum than has the
point. Since the curves tend to converge with increasing
distance from the needle center and since the peaks flatten;
it appears that isodose contours approach a circle. The iso-

dose chart of Figure 15 is derived from interpolation of the

longitudinal and of the radial plots of the distribution data.



Chapter V

CONCLUSIONS

Silicon diode dosimeters and activation threshold foils
were two methods useful to measure the dose distribution
around a linear 252Cf source. The semiconductor device (PH-
50) relates its change in forward voltage to the fast neutron
dose incident from a fission spectrum. Dose values had accu-
racy to within ¥10% and had precision of *7% for doses >25
rads. The foil system relates the material induced activity
to the neutron dose above 0.1 MeV. The foil dose values had
less accuracy (20-30%) depending on the accuracy of cross
section values. Since the activation and the methods of count-
ing induced activity depend on statistical processes and since
compounded errors arise from the method of dose calculation,
the foil technique had low precision (¥50%).

Comparison of the depth dose data from each method shows
good agreement, however. The two curves have less than 28%
relative error for all points. The neutron dose per ug of
252¢r drops about 100-fold in the region from 0.5 cm to 4.5
cm. In comparison the Y-ray dose per mg of radium drops 100-
fold from 0.5 cm to about 8.0 cm. It is apparent that locali-

zation of dose in tissue is greater with neutrons from one ug
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of Cf than with Y-rays from one mg of radium.

The silicon dosimeters were used to establish the distri-
bution of dose on a plane around the neutron source. An iso-
dose chart shows that only a slight distortion of the dose
occurs near the ends of the needle. The isodose contours
approach a circle at distances greater than 4.0 cm. Evidently,
a small radioactive neutron source of <22Cf has advantages
over conventional methods for radiotherapy applications.

Microgram quantities of 2520 allow versatility of treat-
ment with high LET neutrons in a form never before available..
Considering dose distribution, quality of radiation; availabi-
1ity, and economy, 252Cf is a good substitute for radium and
other implantable Y-ray sources.

The work presented here is only one of the few basic steps
required to gain knowledge for medical applications of neu-
trons. The OER of an implanted n-7 source, which could vary
from the OER of a beam n-T source, must be investigated. The
effect of an implanted neutron source on the LET distribution
as a function of tissue thickness must be considered. Know-
ledge of the acute and protracted RBE for the mixed radiation
of 2%2Cf will be necessary before use is advised. The physi-
cal dose aspects of R52¢r Y-rays are now being investigated.
Regardless of how complete laboratory investigations of Cf are,
the cancer problem will not be solved until it is brought back

to the patient in the clinic.



APPENDIX A

EVALUATION OF WEIGHTED AVERAGE KERMA/FLUENCE FACTOR

The coefficients in the equation on pagel9 represent
averaged factors, weighted for the 252Gf neutron spectrum,
which convert the neutron fluence to an equivalent neutron
dose in rads. The following equation defines the dose con-
version factor:

QO
_ \ $(E) () &
C(E) = 0

2 $(E) dE

By
where ¢(E) is the 252Cf neutron flux per unit energyhh, C(E)
is the differential KERMA/fluence?® times 0.01 rad/erg/g;
and E; and Ep are the energy boundaries for the factor. For

a plane source, flux may be replaced by neutron current:

Q0
{"n(E) o(®)
0

C(E) =

3
S 2 N(E) dE
Eq

where N(E) is the number of neutrons per unit energy. Since
evaluation of C(E) involves rigorous mathematical treatment,
the expedient method is by graphical integration. Figure 19
is a plot of C(E) and N(E) versus neutron energy. A parti-

cular energi interval was selected first, e.g. 2.5 to 8.0 MeV.
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An energy increment of 0.1 MeV was specified. Then the appro-
priate N(E) and C(E) were determined at the mid-point of each
increment, e.g. at 2.5-2.6 MeV N(E) = 45.0 n/cm® and C(E) =
3.24 x 10~ rads/n/em?. All the incremental N(E)<C(E) for

the energy interval were added and divided by the number of
»incréments in the interval to obtain the weighted average C(E).
Table 3 presents the values of conversion factors for two

neutron spectra.



- APPENDIX B

CALCULATIONS FOR THE ACTIVATION THRESHOLD SYSTEM

The following calculations present the method used to

calculate neutron flux in n/cmz/sec from the basic count

rate of the activation foil material.

Lower Flux (2.0 eV to 1.0 MeV)

As stated in Chapter II-C, the copper foil (n,T) acti-

vation reaction can be used to relate the induced activity

as measured by a GM-type counter to the incident neutron

flux. The specific equation and pertinent constants follow:

oy = FOU =

where, FCU

CPMC

QC

CLFC
wC

(CPMC) (QC) (CLFC) n/cm?/sec,

(WC) (K) (Np) (Corr) (1-e~MOC) (e=*LLE) (¢0)

copper measured flux - name used in computer
code,

copper count rate less background from GM

counter,

counter efficiency factor at time of count
based on 793r-99Yt standard = 2.16 d/c (ctr. A)
and 2.23 d/c (ctr. B),

calibration factor for copper = 1.51 n/d,
weigﬁﬁ of two 7/32inD copper foils = 0.0520 g,

natural abundance of copper-63 = 0.69,

66
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off = effective cross section for fission spectrum =
| 0.258 x 10~%% cm?,
Np = 9.48 x 10%! nuclei/g,
A= decay constant = 9.0 x 10~4 min‘l,
TOC

TiC

exposure time in minutes,

time from exposure stop to mid-time of count-~
ing interval in minutes.

The equation simplifies to:

- (cPMC)(QC) . 2 .
bou = (14.92) 0] (e -MI00) (5=, n/cm</sec

Intermediate Flux (1.0 to 2.5 MeV)

The flux from 1.0 to 8.0 MeV was determined by the
induced activity of an indium foil due to the (n,n') reaction.
Gamma spectroscopic analysis was required as previously stated.
The pulse height analysis system was calibrated to llSmIn
gamma-rays; channels 31-35 inclusive contained the 0.335 MeV
peak above the FWHM level. Since the 0.400 MeV peak belonging
to the gamma-ray from the (n,Y) reaction is contributing
counts to the specified channels, two sample counts must be
made. Due to the different half-lives of In-115m and -116m,
the relative change of the 0.335 MeV peak for a known decay
time between counts can provide an uncontaminated count total -
due only to the 115m1y gamma-ray.

number of counts from 116mry, (54 min. half-life),

Let A
B = number of counts from 115MIn (270 min. half-life),
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ct
il

time elapsed from start of first count to start of
second count in minutes.

A + B = (1st gross cts. in channels 31-35) minus

| (background in ch. 31-35).

(A)(e-o°693t/54) + (B)(e~0:093t:270) - (244 gross cts. in
: ch. 31-35)

minus - (background in ch. 31-35).
Combining the two equations:
[ [2nd gross lst gross
cts., in —-| BG in — | jcts. in BG in

g = LiCh, 31-35| [Ch, 31-35 Ch. 31-35/ IiCh. 31-35
0-0:693t/270 _ ,-0.693t/54

g

Dividing B by the counting interval in minutes gives CPMG,

the counts per minute due to the (n,n') reaction. The equa-

tion and constants to calculate neutron flux follow:

by = FG = | (CPMG) (CLFG) n/em?/sec,
(WG) (K) (Np) (0 pp) (1-e~AI0E) (¢=ALE) (60)

where, FG = indium measured flux above 1.0 MeV - name used
in computer code,
CPMG = net indium count rate obtained from B,
CLFG = calibration factor for indium = 1.50 n/c,
WG = weight of two 7/32m D indium foils = 0.0468 g,
K = natural abundance of indium-115 = 0.958,
Np = 5.247 x 10%! nuclei/g,
Sare = 0.155 x 102k cm?,
1

= decay constant = 2.62 x 10~3 min~ ,

TOG = exposure time in minutes
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T1G = time from exposure stop to mid-time of count-
ing interval in minutes.

The equation simplifies to:

= (21.4) (CPMG ) n/on?/sec.
1o (WG ) (1-e~ NLQG) (- AL1G)

In order to obtain the flux from 1.0 to 2.5 MeV, subtract

¢In from ¢S (described in the next section).

Fast Flux Above 2.5 MeV

The sulfur (n,p) reaction can be used to relate the

induced activity as measured by a GM-type counter to the

incident fast neutron flux. The specific equation and perti-

nent constants follow:

(WS) (K) (Np) (63 pp) (1-e~ NO8) (6~ AELE) (60)

where, FS = sulfur measured flux - name used in computer
code,

CPMS = sulfur count rate less GM counter background,

QS

SF

counter efficiency factor at time of count =

factor changing QS to 32p calibration = 0.91
(ctr. A) and 0.837 (ctr. B),
CLFS = calibration factor for sulfur = 0.80 n/d,
WS = weight of 115 mils x 1/kinD sulfur pellet =
0.260 g,
K = natural abundance of sulfur = 0,95,

Np = 1.88 x 1022 nuclei/g,

]

QC,
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G;ff = effective cross section = 0.229 x lO"zh cm2,
TOS = exposure time in minutes,
T1S = time from exposure stop to mid-time of count-

ing interval in minutes.
The equation simplifies to:

: CPMS) (QS) (SF) 2
¢S = (3026) (WS)(l_(_e“)\ﬁs_;L{—@_-)- n/Cm /seco

(e

Supplying the unknowns to the simplified equations for each of
the three materials enables the calculation of the fast neu-
tron flux in the chpsen energy range. A FORTRAN-IV computer
code was found helpful for making the calculations. The

KERMA in terms of millirad/hr can be calculated from ¢Cu’

¢In’ and #S using the relation in Chapter II-C.
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