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ABSTRACT

The nuclear physicist's technique of studying nuclear reactions
by bombardment of target elements with known-energy neutrons can, in-
a sense, be inverted to permit study of unknown-energy neutrons by ob-
servation of known reactions in bombarded target elements. A selected

group of these reactions, with well-known excitation functions of dissim-

ilar energy thresholds, can be used to measure the incident-neutron
energy spectrum, We can divide threshold detectors into two types:

prompt detectors (pulse counters), which report information while in thé .

radiation field; and, passive detectors (activation elements), which are '
examined for information content after removal from the radiation field]

Although such detectors have often been used for neutron spec-
troscopy in high fluxes of fission-produced neutrons, their application in
accelerator-produced neutron fields has been very limited--particularly
where low (occupational) flux intensities are encountered, We have made
considerable progress in adapting threshold detectors for particle accel-
erator applications, and have extended the useful energy range upwards
while also improving sensitivity to accommodate low-flux situations.,
Two systems of these detectors are now in operation at Berkeley; we
describe the systems, cite examples of their use, and discuss some im-
portant unsolved problems related to our applications of the detectors.

The first system consists of activation elements only, and pro-
vides neutron spectral information over the energy range 2 to 30 MeV,
Among the activation elements are aluminum, carbon, cobalt, copper,
iodine, iron, magnesium, nickel, and titanium. Induced activities are
observed by y-ray scintillation spectrometry, the only reasonable analy-
sis method that permits extension of this technique to low intensities of
neutron flux, Digital computer programs are used for y-ray spectral
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analysis, and are also used in calculation of the neutron spectra we seek
to determine., Some results obtained at the Bevatron are discussed, in
terms of the spectra themselves, and in terms of the unsolved problems
attendant on this technique, Among these problems are complexities of
y-ray spectra, lack of neutron cross-section data at energies higher than
about 15 MeV, and production of desired activities by particles other than
‘neutrons, ’ '

The second threshold detector set consists of a mixed system of
both pulse counters and activation elements, including moderated foil or
BF, counter, aluminum disc, carbon (in the form of plastic scintillator),
_and bismuth fissioncounter, Detector information is related to the neu-
tron spectrum over an energy range extending from about 0,02 MeV up to
the primary particle energy. Data analysis involves use of a simple
digital computer program, which incorporates detector calibrations, re-
. action cross sections, and trial neutron spectra as input parameters,
The objective of this program is to compute a detector response that
matches the observed detector response; attainment of this goal defines
the neutron spectrum '"measured'" by our detectors. The effects of rea-
sonable variations of input parameters on calculated detector response
are described, and an example of a neutron spectrum that fits data ob-
tained at the Bevatron is discussed,

At present the mixed system of threshold detectors can supply only
the broad general shape of a neutron spectrum, but can encompass the
entire energy range produced by the source; furthermore, exposure of
detectors, counting, and data anlaysis can be completed in a few hours,
In contrast, the activation-element set can provide considerable detail
over a limited neutron energy range, and requires lengthy data-analysis
time, Both methods could be greatly improved if all the required cross-
section data were known, '
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I.. INTRODUCTION

Our subject concerns the use of threshold detectors for neutron
spectroscopy, with particular emphasis on application of these detectors
to Health Physics problems, In this context, we must often measyre
weak neutron fields where flux intensities are less than 100 n/cm“-sec;
furthermore, the flux may be so nearly isotropic that neutron spectrom-
eters that use incident particle direction as a measurement parameter
cannot be profitably employed. Thus we must rely on high-sensitivity 4w
spectrometer systems to provide information in such situations,

We discuss two of these systems here, The first system consists

. of activation elements only, Formalism for our version of this method

was originally developed by Ringle, * and was later modified by Kohler,
Ringle and Wadman3 have applied the method to detectors irradiated in-
side the shield near targets at the 88-inch cyclotron, Kohler has applied .

. the modified formalism to data acquired from a shield array experiment

at the 6.2-BeV Bevatron, The second system consists both of activation
elements and of prompt counters, It has been used at the Bevatron and
the 184-inch cyclotron to provide information on neutron spectra at loca-
tions outside the accelerator shields,

The material presented here is closely related to topics discussed
in another paper to be given later at this symposium, * a paper that deals
with shielding measurements taken at the Bevatron, -Similar or identical
techniques have been employed in experimental efforts that comprise the
basis for both presentations, Some duplication of materialinthe two pa-
pers seems unavoidable, in the interests of clarity and continuity of ex-

_position, Considerable thought has been given this problem, and we hope

that such repetition has been held to an acceptable minimum,

II. GENERAL CONSIDERATIONS

Threshold detectors can be considered to belong to either of two
categories: prompt counters, which report information while in the ra-
diation field; and activation elements, which are examined for induced
radioactivity after removal from the radiation field,

Prompt counters are the more sensitive of the two on the basis of
observed events per gram of active material, However, this high in-
trinsic sensitivity cannot always be utilized, because we may not be able
to incorporate a: large amount of the active matemal into a counter.
There may be dlfflculty in distinguishing the desired class of events in

" the presence offunwanted events; there may also be a problem of count

loss due to hightinstantaneous flux intensity, Additional factors that
may become prbblems include accessibility to exposure siteg reliability

o
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of counters and associated electronics, and the number of sites to be
studied simultaneously.

The intent of our discussion here is not to discourage the use of
prompt counters, but is just to indicate that there are a number of prob-
lems associated with their use, These problems can often be solved
satisfactorily; furthermore, prompt counters possess the distinct advan-
tage of providing information concurrent with the exposure, We do point
out that such problems constitute some of the major reasons for use of
activation-element threshold detectors.

Activation elements are relatively insensitive on the basis of ob-
served events per gram of active material; however, we can often com-
pensate for this low intrinsic sensitivity by using large amounts of
material--kilograms, for example. These elements are immune to
problems posed by high instantaneous flux intensities; they are also eas-
ily put into cramped quarters or limited space, and there is no problem
of ""reliability'" for an element during exposure, The number of sites
that can be studied at one time is limited only by the amount of decay of -
observed radioisotopes that can be tolerated during subsequent activity-
analysis periods,

The primary analysis tool for activation elements is the Nal(T1)
scintillation crystal y-ray spectrometer, Gamma-ray spectra thus ac-
gvired may be quite complex, and we often encounter problems in dis- .
tinguishing desired activities from unwanted activities in such spectra, .;
A discussion of these problems, along with some suggested solutions,
can be found in a later section of our presentation, We note that 1nforma~f
tion from activation elements is available only after an exposure, in con-
trast to the concurrent data furnished by prompt counters; activation el-
ements are clearly at a disadvantage in this context,

We see that each type of detector has advantages and disadvantages

in comparison with the other, Choice of a detector array may also be in-
fluenced by practical circumstances, so the resultant choice is usually a
compromise among a number of factors, For the first system we de-
scribe, the requirements of restricted space and simultaneous measure-
ments are particularly important, For the second system, the property
of very high sensitivity is a dominant factor in detector selection,

_ When fast neutrons of various energies bombard selected target
elements, a number of nuclear reactions may be possible, For each re-
action, there 1s an energy for incident neutrons below which the reaction
cannot occur; for every energy value above this threshold point, the re-
action can be:&haracterized by a single value for the cross section, or
probability of occurrence These characteristics of nuclear reactions--
the existence; “Sf an energy threshold, and the single-valued nature of the

Ccross- sectlon function--can be used as the basis for a system to measure

neutron energy}spectra.
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We employ a number of nuclear reactions, which have different
neutron-energy thresholds and dissimilar cross section shapes above the
threshold energy., For each reaction, there exists the following relation-
ship among detector activity, cross section, and neutron flux:

00
Al = f $(E) o,(E) dE, (1)
0 : '
where Al = detector saturation acf11v1ty or disintegration rate per
target nucleus in sec™ °,
$(E) = neutron flux in cm’ -1 MeV"i,
o(E) = reaction cross section in cmz,
’ f
. l
E = neutron energy in MeV,
i = subscript identifying the reaction and residual

nucleus,

A set of these equations can, in favorable circumstances, be solved for
the unknown flux and spectrum, Equation 1 is called a Fredholm equa-
tion of the first kind, and its solution is quite difficult in many cases,
Discussion of solutions can be found in Morse and Feshbach;? examples
of solution methods applied to our particular problem can be found in
Ringle!s report,

III. ACTIVATION-ELEMENT SYSTEM

A, Description of System

Our spectroscopy method was designed to cover the neutron
energy range from 2 to 30 MeV, Neutron reactions of the types (n, p),
(n, a), and (n, 2n) were selected, partly on the basis of the energy range
to be investigated, and partly on the basis of available cross-section
data, Criteria were established for selection of the threshold materials;
these included physical, chemical, and economic factors, as well as nu-
clear properties, Economic factors are of considerable importance, be-
cause kilogram quantities of threshold elements may be required for
- successful determinations in area where flux intensities may be less than
~100 n/cm -se¥, Table 1 lists some reactions found to be useful in our
studies, Tablg 2 lists some additional simple reactions that appcar
promising for, ,iﬁture work; this list is by no means complete and could
be greatly enlai‘ged However, cross-section values are not well known
for many potentially useful reactions and we are presently limited in re-
action choice, by this problem,
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We define useful threshold reactions to be those which produce
radioisotopes whose decay is accompanied by y-ray emission. Our
samples are 4 in, in diameter and may be up to 1 in, thick; only by ob-
serving y rays can we achieve high detection efficiency from such thick
samples, Gamma-ray detection is accomplished with a scintillation crys-
tal spectrometer system; the detector is a single 4-in, -diameter by 2-in,-
thick NaI(Tl) crystal, and its output is presented on a 100-channel pulse-
height analyzer (PHA). As a matter of course the spectrometer system
is carefully maintained and kept in calibration. The equipment is in con-
stant and purposeful use, and so is always capable of producing meaning-
ful information., The NaI(Tl cry gal is used in a specially constructed
low-background shield enclosure, © to facilitate assay of very small quan-
tities of radioisotopes, The background count rate in the crystal is both
very low and very constant--two conditions without which these small ac-
tivities cannot be measured accurately,

B. Gamma-Ray Spectral Analyéis Method'

Analysis of y-ray spectra is performed with a rather simple spec- : -
trum-stripping technique that requires a minimum of "library'" or ref- ‘
erence spectral shapes, To resolve a spectrum into its components, we e
start at the high-energy end and work toward the low-energy end--the R
usual direction for spectrum-stripping techniques, Each component is :
resolved singly, with the aid of a digital computer program that gives a
solution for both the total absorption peak and its associated Compton dis-
tribution, The only library functions required are those from which
Compton distributions are derived, The total absorption peak area is
computed by a nonlinear least-squares technique that fits a Gaussian
shape to actual data points, The quantity of radioisotope that produced
the observed response is then computed from this value of peak area,

The radioisotope quantity is the output of our y-ray spectrum analysis
program, and becomes the input for the neutron spectrum computation
program,

Details of the y-ray analysis program can be found in Ringle's re-
port, We omit most of this detail here, but include several items that are
particularly relevant to our experience with the method,

The method possesses two advantages that are quite important to
our purpose, First, there is automatic compensation for small (but
troublesome) changes in system gain, We tell the computer only the po- e
sition of a peak, not its true energy; the computer calculates an energy ‘
that belongs with a peak at the specified position. It then uses this en-
ergy to genera.f:e a Compton distribution, Consider that the systemgain oy
has increased- éhghtly relative to calibration conditions, A particular-
energy peak w:,li appear at a higher-than-normal position; the associated
Compton edge will also move upscale, an almost equal amount, Here is
just the compensation we would have to introduce in some fashion if
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meaningful results are expected from '‘gain-shifted" spectra. More
elegant schemes are often used for gain-shift correction; however, our

‘method has proved satisfactory for the present situation, so we have not

adopted a more sophisticated approach.

The second advantage is that we require only a small array of
"library" or reference spectra; these are used to generate Compton dis-
tributions, not entire spectral shapes., A number of more elaborate (and
potentially more precise) methods for analysis of complex y~ray spectra
have been developed. These were examined, and rejected on the follow-
ing basis, Such schemes require extensive libraries of exact response
functions: for example, a complete set of spectral shapes for every iso-

~ tope likely to be encountered in a sample under investigation, If various

shapes, sizes, or counting distances are used, it may be necessary to
have complete sets of response functlons for each combination of these
variables,
i

We may wish to span a neutron flux intensity range of 106 in a
simultaneous exposure of several detector sets, and the result éng activi-
ties may show a range of y-ray emission rates in excess of 10~, because
of differences in reaction cross sections, half-lives, and decay schemes,
We cannot handle such a wide range of activity in a fixed sample-detector
relationship; thus the necessity to vary both sample size and counting dis-
tance, Generation of the required large number of exact response func-
tions seemed so monumental a task that it was not given serious consid-
eration, We sought a simpler method, and developed the scheme out-
lined above,

Our y-ray analysis method was selected before we undertook-the
Bevatron shield array experiment. We are now reexamining the method
in light of this experience, an experience that has clearly demonstrated
some defects in the procedure. For example, considerable difficulty was
encountered in selection of the correct value for a continuum that lies
beneath the uppermost peak to be analyzed. (This continuum represcnts
contributions from y rays whose energies lie beyond-the upper boundary
of our observed spectral interval, and must be removed before computer

_analysis can proceed,) Furthermore, we assume the continuum to be a

featureless distribution., This assumption is not always valid, and some
errors may be thus introduced into analysis results, If spectra are very
complex and contain overlapping peaks, the method does not work at all
if the peak of interest occurs in this overlapping structure; similarly, the
presence of an interfering peak directly beneath the peak of interest can
cause serious errors in our results,

These d&fﬁculhes in the y-ray spectrum-analysis method have
caused conmdgrable extra work, We may have to do a series of graphi-
cal studies (by hand) to determine the proper value for the underlying
continuum, We may be forced to take successive y-ray spectra from

T n
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each sample during various stages of activity decay, so that we can ob-
tain spectra in which the peaks of interest stand '"in the clear.," We il-
lustrate the nature of these problems in Figs, 1 and 2, which show some
y-ray spectra observed with our normal energy scale, from 0,08 to 2.08 -
MeV, .

¥

The spectra on Fig, %4 are from an aluminum disc irradiated at
the Bevatron, The upper cur f shows only Na“®, the desired activity;
the lower curve shows o , again the desired activity but observed
at a later time, The Na™" curve was actually observed at much lower
1nt§251ty than shown here, so it did not cause any interference with the

curve. The Na’% curve is an example of a single radioisotope spec-
trum, in which we must subtract the continuum beneath the uppermost
peak before analysis of this peak can be performed. Selection of a value
for this continuum is seen to be a matter that may require some study.

The spectra on Fig, 2 are a repetitive series of analyses for a
titanium disc irradiated at the Bevatron, The point we stress here is
the interfering pattern caused by several y rays whose energies are so
closely spaced that the scintillation crystal cannot resolve the structure
into separate peaks, We will refer to titanium and this spectral complex-
ity again in a later section, For the moment, it is sufficient to comment
that we wish to observe y-ray peaks at energies of 0.89, 0,99-1,04, 1,12,
1.16, and 1,32 MeV; our analysis method cannot do this from any single
spectrum shown here, and can perform the job only w1th considerable dif-
ficulty from the entn-e spectral set,

The Bevatron experiment provided a latitude that encompasses the
entire range of detector activities we expect to encounter, We are study-
ing this experience to determine whether it is possible to select a few
values for detector size and counting distance, so that a more sophisti-
cated y-ray analysis method can be employed. Adoption of such a method
would entail the generation of complete library spectra, and so limiting
the counting '""geometry' is vital to success,

C. Bevatron Shield Array Experiment

1. Description of Experiment

!

Our experiment concerns the shielding of high-energy particle ac-
celerators, For this purpose, we use the 6-BeV external proton beam
produced by the Bevatron, Figure 3 shows a plan view of the experimen-
tal setup. The*pnmary proton beam enters from the right along a
shielded channgl; this channel narrows to a 2X2-ft cross-section area -
about 8 ft aheaé, of the shield array. A thin plastic scintillator is located
at the front of the narrow channel and is viewed by closed-circuit televi- | a
sion, The pogition and size of the beam spot are continuously observed '
in this fashionf torrect beam alignment is verified by reference to agrid

Y]
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scribed on the scintillator. The beam spot was usually no greater than
2 in, in extent as viewed by the scintillator-television system,

The shield array consists of ordinary concrete is block form, and
is 28 ft'thick along the beam line, 22 ft wide, and 18 ft high, Slots pro-
vide access to the beam line at 4-ft intervals, Several special thin blocks
are seen at the front of the array, to allow more detailed study in this re-
gion; access is from the top for these positions. Rows of blocks are
separated by 3-in,-wide gaps to allow insertion of detectors. All por-
tions of these gaps, except the 18-in,-high slots actually used for detec-
tor placement, are filled with gypsum wallboard, to minimize air spaces
along which neutrons could scatfer or diffuse,

Figure 4, a photograph of the working face of the array, gives
some idea of the actual setup and the manner in which it was used, A
wooden trough, loaded with detectors, has just been inserted in one of

the slots; all detectors were positioned for exposure in thi's fashion,

The principal detectors are the activation-threshold type. In such

‘a detector, one observes an integrated response that can be produced only

by neutrons (or protons) whose energyis greater than some '"threshold"
value, When several elements are so used, each having a different thres-
hold energy, we can obtain information related to behavior of different
energy groups in the experimental constraints, Ultimately, one may be

. able to construct a neutron (or proton) spectrum from these data,

Figure 5 shows a set of detectors arranged in the wooden troughs,
ready for exposure at beam-axis positions in the shield array. Among
the elements employed are aluminum, carbon, cobalt, copper, iodine,
iron, magnesium, nickel, and titanium, These materials are used in the
form of 4-in, -diam discs, of thickness from 1/32 to 1 in. With one ex-
ception we observe the y-ray activity of radioisotopes produced during
irradiations; this exception is carbon, Here we use the carbon a plastic
scintillator, and detect the positron decay directly inside the scintillator,
From all other materials, we obtain multichannel y-ray spectra with a
sodium iodide crystal scintillation spectrometer, Spectra are studied
during decay of the various isotopes until we can obtain quantitative re-

‘sults for each isotope of importance,

2. Attenuation Measurements

The shield structure existed for two months, and during most of
that time it served as the external-beam backstop for a physics exper-
iment, Much of.the period was suitable for our purposes, and it was at
such times that jwe developed a series of attenuation profiles within the
array, Gold fyg’i{‘f‘us, aluminum discs, and carbon scintillators were so
employed, to prdvide information about three neutron-energy groups,
Detector activiitiés were observed at every 4-ft depth, laterally from the

e

4/;;:\.’!.'
AN
% CL I



-8- f UCRL-16312

beam axis to the shield's edge at 1-ft intervals., From these data we
have constructed detailed radiation profiles for all positions inside the
shield array, as viewed by these three detectors, 7 "Results are discussed
in detail in our later presentation, and will not be described further in
this one.

3. Neutron Spectra

Several kinds of useful results were expected from this exper-
iment., We were most interested in the neutron component of the radi-
ation produced and propagated through the shield array, ‘because this
component usually determines the shielding requirements for highenergy
accelerators. The use of activation-threshold detectors, within the for-
malism developed by Ringle, ™ held good promise for obtaining neutron-
spectrum information,

Bevatron experimental conditions impose two newlproblems on
the neutron-spectrum calculation method., The first of these is the pres-
. ence of protons with energles capable of initiating some of the activation
reactions, The second is the presence of both neutrons and protons with

energies far beyond the range for which the method was initially intended,

Direct application of Ringle's formalism to our Bevatron data was un-
successful, that is: meaningful neutron spectra could not be obtained
from threshold detector activations.

During his stay with our group, Kohler2 concentrated on these
problems, and was able to incorporate reasonable solutions for them into
a modified version of Ringle's program, He could then derive neutron
spectra at some positions within the shield array for the energy interval
2 to 30 MeV, We draw freely from Kohler's paper in the following dis-
cussion, The important changes and improvements introduced by Kohler
are:

- 1. Use of experimental reaction cross sections in place of those cal-
culated from the continuum model of the nucleus;
2, calculation of the amount of activation in threshold detectors caused

by neutrons with energies greater than 30 MeV; '

. 3. solution for the spectrum from the set of integral equations by a
least-squares technique,. -

The use of experimentally determined reaction cross sections is
largely self-explanatory. We show examples of cross section curves in
Figs 6 throughi12; the first six of these were used in calculations of the
neutron spectra shown in Figs, 13 and 14, We observe that the continuum-
model calculations did not always agree with experimental data; in fact,
there was ofteri¢serious disagreement between the two results. Flgureviz
shows an exaziﬁpéle of this sort of disagreement, Open circles are exper-
imental data points, the solid line represents the shape chosen by Kohler,
and the dashed:curve represents the shape derived by the continuum-
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model calculation, Our example illustrates one of the cases of greatest
disagreement; however, this general problem exists for most other re-
action cross sections, and use of experimental data exclusively has
seemed the best choice, Even so, we found that somewhat arbitrary
choices had to be made in cases of conflicting data. Data were some-
times very sparse and occasionally almost nonexistent, As a result of
these factors, a certain amount of artistic selection has entered into the
values we now employ, Reaction cross-section information is not nearly
adequate for the potential of our method, particularly for the energy re-
gion above about 14 MeV; cross-section information is almost nonexist-
ent for neutron-induced reactions above 30 MeV,

Calculations of the activations caused by particles with energies
greater than 30 MeV is a very important item, simply because a signifi-
cant fraction of detector activation at shield array sites may be due to
these particles. Failure to make this correction will cause distortion in
~ the' calculated spectrum, Our correction scheme involves the use of Be

production in carbon (polyethylene) as the experimentally determined
high-energy activation quantity, We assume a reasonable shape for the
high-energy portion of the neutron spectrum, and also estimate the thres-
hold detector cross-section shapes in this high- -energy region, DBoth es- -
timates are then combined with the Be ' data to give a value of the correc-

tion for activation at energies greater than 30 MeV, Note that any errors

. in these corrections will be reflected as errors in calculated spectra.

. The need for high-energy cross-section data is clearly evident here, In
all cases, it has been necessary to use proton-induced reaction cross
sections, along with the assumption that neutron-induced reaction cross
sections are of comparable magnitude, to create neutron cross section
data; neutron data are nonexistent,

The solution methods developed by Ringle involved matrix inver-
sion in the calculation procedure, This operation is.very sensitive to
any errors or inaccuracies in the experimental data that serve as input
Iinformation; such errors can easily cause solutions to become so unstable
that they are méaningless, Bevatron experimental data contained errors;
furthermore, cross-section values were not accurately known., Solutions
for neutron spectra were found to be unstable and without obvious physical
significance,

Kohler modified the spectrum calculation procedure, and avoided
.the problems associated with matrix inversion by abandoning the solution
method that requu'ed such operations, Instead, we use a scheme that
seeks the bhest £1t in a least-squares sense, between ''trial"' neutron spec-
tra and measured activations, The trial spectrum that most closely
matches expeﬁ'i'r‘nental activation data is then taken to be the neutronspec-
trum; this solution is achieved by a process of iteration, We imposc a
condition, asg/d/means to stabilize the solution, that trial fluxes must
everywhere be,positive., Trial spectra are given either of two general
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forms: a step-function representation, or a polygonal representation,
The number of threshold reactions used in a calculation can be equal to,
or greater than, the number of steps or segments in the solution, Use
of more reactions than solution points can serve to improve precision of
a solution; this technique can also show the presence of errors in either
activation measurement or cross-section data, although no distinction
can be made between the two types of error in a single spectrum calcula-
tion, :

The least-squares method cannot reveal spectral detail so clearly
as Ringle's matrix-inversion methods, However, it does give meaning-
ful solutions from Bevatron data; these solutions are stable in a mathe -
matical sense, and do not dissolve into incoherence when perturbations
(errors) are purposely imposed on input data, Solutions also have a rea-
~sonable appearance in the context of physical reality,

We now turn to these results, On Figs., 13 and 14'we show log- -
log plots of step-function solutions for neutron spectra at four off-axis
positions; data for these graphs are also presented in numerical form,

as Table 3, Straight lines drawn through each spectral set are seen to
represent reasonable fits to the data, with a possible exception at the
_position designated 8'-4', (Here we mean a position at 8-ft depth lo-
cated 4 ft off the beam axis,) Numerical values for slopes of the lines
are indicated, and we conclude that the neutron spectral shape depicted
by these results is consistent with a 1/E number-vs-energy relationship -
over the energy range 2 to 30 MeV, Such a spectral shape is expected
from our general concept of neutron interactions in concrete shielding,

All neutron spectra shown in Figs. 13 and 14 are from locations

within the shield array; however, all locations are off the beam axis,

The correction for high-energy activation will be largest along the beam
axis, and it is significant that beam-axis locations do not give meaningful
spectral information at this time. We believe the reason lies in our in--
“ability to make the proper corrections for high-energy activation: large
errors in large corrections make the method unworkable, If high-energy
reaction cross- '(sectmn data were available, we might be able to retrieve
the situation to obtain beam-axis spectra, in addition to results now in
hand.

Parts of this text appeared originally as a UCRL report (Alan R,
Smith, Joseph B. McCaslin, and Michael A. Pick, Radiation Field
Inside a Thick Concrete Shield for 6. 2-BeV Incident Protons, UCRL-11331,
Sept. 1964), a report that dealt mainly with attenuation measurements
The neutron spéctral information is new, and was obtained by calculation
methods not av*mlable when that report was issued, We are still engaged.
in data ana.lysu.h from the experiment, and plan to issue a revision of the
report, to m&:lﬁde all useful results computed since the original issue
date,
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We are somewhat dissatisfied with results of the y-ray spectros-
copy that served as input date for neutron spectrum computation, A num-
ber of y-ray analysis problems would be greatly reduced, or even elim-
inated, if a lithium-drifted germanium crystal were used as the spectrom-
eter detector., We also note that the attenuation profiles, discussed in
our second presentation, are not so precisely related to each other as we
had hoped. Nothing can be done about these circumstances, short of per-
forming the experiment again, There is considerable interest in such a
project, especially in view of shield design problems raised by study of
construction of higher-energy accelerators., If we do repeat the exper-
iment, it will be as part of a larger effort, an effort that includes study
of different shield materials as well as an investigation of shield behavior
at larger angles with respect to the ''target.' Our present experience
should serve as a valuable aid to successful execution of this larger ex-
-perimental program,

f .
.

D. Improvements to the Method

There are a number of improvements to be incorporated in our
technique; we will discuss several of these items, because they are
‘closely related to some of the problems descmbed earlier,

We have used a 100-channel PHA to acquire all spectra used in
this work to date; consequently, we must either observe a fairly narrow
energy interval if we wish to utilize the full resolution capability of our
Nal(T1) crystal, or we must sacrifice resolution in the interest of obtain-
ing spectral information over a wide interval, Neither is a happy com-
promise, Some of the difficulties we encounter in our method of spectral
analysis are related to the fact that we do not observe y-ray peaks with
energies above 2,1 MeV, We note that digital computer programs work
more smoothly when input spectral data do not contain sharp peaks, A
larger-capacity PHA is clearly indicated, one with which we can record
the entire y-ray spectrum in one run, and at the same time achieve finer
detail in its structure, Such equipment, a 1600-channel PHA, is a recent
acquisition, and will be used for future threshold detector spectroscopy
‘work, We will view the spectral region between 0.1 and 4 MeV in single
runs, alloting either 400 or 800 channels to each spectrum, We are just
now becoming acquainted with the new PHA, and should soon be applying
it to this work,

Anothef' problem concerns the gain stability of our spectrometer
system, Digital computer analysis demands either that gain be kept con-
stant or that indtructions be provided to describe the extent of gain shift,
We prefer a golution that maintains constant gain, It is well known that
a major sourcejof gain instability is the photomultiplier, and several
schemes have Been developed to compensate for this factor, However,
gain changes cﬁn occur at other points in a system, and there are rcasons
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to prefer a constant photomultiplier voltage, while correcting for all
gain shifts elsewhere. Such a device has been developed at LRL Berkeley,
and is used widely in Nuclear Chemistry research programs, In essence,
we insert a variable-gain amplifier into the spectrometer system, and
use address information from the PHA to correct for any gain shift, The
unit analyzes this information in a digital mode and so is not dependent
on count rate for effectiveness in control. The system is also adaptable
for use with the high. -resolution Ge(Li) y~ray detectors, because it does
not exercise control via variation of high voltage, but by gain change in
an amplifier that can be an element common to all pulse-type detector
spectrometer systems,

The digital gain stabilizer actually achieve its purpose by keeping -

a selected peak in the spectrum at a specified position, Most of our
y-ray spectra, especially those from medium-Z elements, contain a rel-
atively intense positron-annihilation peak., We propose to lock onto this
peak for stabilization purposes whenever it is present as a sufficiently
distinct spectral feature; a standard stabilization procedure is then em-
ployed as widely as possible, A digital gain stabilizer will soon become
an integral part of our spectrometer system,

We do not intend to incorporate a zero-shift correction into our
spectrometer system, If such correction is required, it can be derived
from gain-stabilized PHA data by testing whether peaks with known ener-
gies are separated by the correct channel intervals., We will deal with
this matter if it becomes a real problem,

We show Fig. 45 in the context of improvements to be incorpo-
rated into our technique. The peaks shown here are meant to simulate
the performance of a lithium-drifted germanium y-ray detector; they be-
long to three scandium isotopes that may be produced from bombardment
of natural titanium with neutrons of various energies, All three isotopes
are produced when incident neutron energies are higher than 20 to 30

MeV, a situation obviously encountered at the Bevatron, The three differ- .

ent intensity levels serve to identify those peaks belonging to each decay
scheme, and are shown at relative heights that might be observed shortly
after a several+hour irradiation, Peak shapes are hypothetical, but are
drawn to have resolution (full width at half-maximum) of 5 keV, a reason-
able value for a Ge(Li) detector at these energies.’ Each peak is clearly
resolved from its neighbors, although the 1120-keV peak could merge
into the 1160-keV peak if the latter were at much higher than the assumed
intensity, or if resolution were considerably degraded. We see that it
may be possible to observe quantitatively all y-ray lines shown here in a
single analysis using a Ge(Li) detector, in marked contrast to the repet-
itive analysis i_%lethod necessary with the Nal(Tl) scintillation crystal,
Such a repet1t1‘§re series, shown in Fig, 2, serves to illustrate the point,
Use of a Ge(Li¥; detector is possible for only relatively high-activity
samples, bedause of the small size of these detectors--and thus, their
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low efficiency, However, much of the Bevatron analysis work would
‘have qualified for this category, so the technique is immediately useful,

Table 4 lists some characteristics of the dominant reactions in

- titanium leading to the three isotopes whose y-ray spectra appear on
Figs. 2 and 15, Several other reactions on titanium are listed on the
table; estimated practical threshold for each reaction are given. We see -
~ that titanium is potentially a very useful threshold element. Neutron re-
actions with threzl;olds offbout 1'5483' 5, and 14 MeV are available,

The reactions Ti~ (p, a)Sc 4 and Ti (p, n)V‘jt8 are potentially useful indi-
‘cators of proton flux,

We recognize that the listed scandium activities are not so simply
. related to single titanium isotopes as Table 4 might imply, especially

- when incident particles have energies of several tens of MeV or greater.
'~ Thus the actual use of titanium for neutron spectral measurement may
entail additional problems; these problems stem mainly from the exist-

- ence of several abundant stable titanium isotopes, However, y-ray spec-
- tral analysis is straightforward, and no more difficult than we indicate
here, We offer titanium as an example of the spectral complexity that is
also encountered with other medium-Z elements such as iron, nickel,

. cobalt, and copper--elements that are needed for this neutron spectros-
~ copy method.

We have not made extensive use of coincidence techniques for
y-ray spectral analysis, Such techniques could be very effective for re-
solving components in-some complex spectra acquired with NaI(Tl) crys-
tals; these techniques may be even more powerful when a mixed pair of
detectors is used--one NaI(Tl) crystal and one Ge(Li) crystal, Our new
PHA is large enough and has enough operational flexibility so that these

potentially useful methods can be explored, '

The complexity in these y-ray spectra is due largely to the class
of events termed "spallation'" reactions, When we have high-energy in-
cident particles, spallation reactions may be as important as the selected
simple reactions (that is, they may have similar magnitude cross sections),
Spallations may produce the same activity we wish to study, may pro-
duce activities that interfere with observation of a desired activity, or may
produce activities that are easily observed as separate features in the
complex y-ray spectra, These reactions usually have relatively highthres-
hold energies, and it is this characteristic that marks them as potentially
useful to our piirpose, If we knew spallation-reaction cross sections more
exactly, we coild not only make more accurate corrections whenthey cause
interference ift y-ray analysis, but we could also employ them as bona
. fide members’ ih that group of threshold reactions used for the spectros-
copy i&gelf, Esamples of prominent spallation reaction groducts are Mn
and V*° from cegpper, nickel, cobalt, and iron; also Co°% from copper,
Unfortunately, Hetailed cross-section information for these reactions is
all but nonexiﬁé%’&nt.
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We can summarize these paragraphs as follows, In order to use
the medium-Z elements to their full potential, we require two advances
beyond our present position. The first, a high-resolution y-ray detector,
has recently become available in the form of the Ge(Li) crystal detector,
Such detectors are small in comparison with easily obtainable large-size
Nal(T1l) crystals; however, they would now satisfy analysis requirements
for high-activity samples, We are preparing to put such a detector into
operation, along with the new 1600-channel PHA and a digital gain stabiliz-
er,

The second requirement, detailed cross-section information for
the reactions, is almost totally nonexistent for titanium throughout the
entire energy range of interest, and is largely nonexistent for other ele-
ments at neutron energies above = 20 MeV, Without this cross section
data, we are forced to throw away (or ignore) most of the informationcon-
tained in y-ray spectra, The knowledge required here is fundamental nu-
clear reaction data, the sort of thing that is appropriate tothesis research

_projects, Our success, using the limited amount of information now avail-
able, is clearly evident; it should be just as evident that additional infor-
mation will contribute significantly to increased success, We suggest that
the double inducements--appropriateness of topic, and utility of results--
should serve as strong stimuli to research efforts in this area of compar-
ative ignorance, . :

IV, NEUTRON SPECTRA OUTSIDE THE ACCELERATOR SHIELDS

The next series of measurements has been made as part of an ef-
fort to clarify our understanding of the fast-neutron energy spectrum that
exists outside an accelerator shield, Past experience around the Berkeley
accelerators has always supported the conclusion that this spectrum had a
shape quite similar to the cosmic-ray neytrop, energy spectrum, as re-
ported by Hess, Patterson, and Wallace, ~° The evidence is in part
that of experimental measurement of the spectrum itself; it is also based
on evaluation of performance of shielding that has been designed to pro-
vide a particular attenuation factor if such a neutron spectrum did, in
fact, exist within the shield structure, We cite evaluation of the improved
shield at the Bevatron, described earélier in this paper, as an example;
shield design is reported by Moyer,

S 12 13 14

ome recent measurements from CERN, BNL, and HASL
suggest that with certain shielding conditions at multi-BeV accelerators,
the spectrum may be much richer in high-energy neutrons than we would
expect, Although it is not clear how these particular shield conditions
-can be precisely described, it does appear that one requires a relatively
thin shield and a‘nearby target, These results are puzzling at present,
and have acted 4§ one stimulus for the measurements now described,
. Great interest izl design of higher-energy accelerators has been another

strong incentive;fand finally, our own interest in such matters has natur- -

ally brought about all the preparations necessary for actual performance
of the study, ‘h; '
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- a 100-channel pulse-height analyzer for data acquisition, A carefully
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A, Description of Detectors

We employ the mixed system of threshold detectors here; this
system includes moderated BF, counter or foil, aluminum disk, carbon
scintillator, and the bismuth fission counter, We have either two prompt
counters and two activation elements, or one prompt counter {(when a

" moderated foil is used) and three activation elements, Before we discuss

the use of data from these detectors in spectral measurements, we will
describe briefly the nature of the data itself,

The BF,-filled proportional counter is a familiar device whose

operation is straightforward., There is no need to discuss such well-
. known matters here, and we will comment only on the problem of count
loss. The magnitude of count loss due to high rate af arrival of information

at the detector can be determined by intelligent viewing of amplifier output
pulses on an oscilloscope, If count-loss problems cannot be solved, we

. use a moderated foil in place of the moderated BF counter, Such foils,

of either indium or gold, are subsequently analyzed for induced activity

‘with-an end-window methane-~flow proportional counter; this counter has
' an absolute detection efficiency of about 35% for the B particles emitted by
.our 1-in, -diameter foils,

We note that count loss in the BF, counter has been almost elim-
inated a{e a problem for all Bevatron stations considered here, McCaslin
reports~~ such details in another paper of this symposium, The essential
point is that we are able to achieve stable operation of a high-sensitivity
BF, counter while enjoying a pulse-pair resolution time of about 0,1 usec,
Thuis we can record several hundred counts during a 1-msec beam burst
without incurring significant count loss,

We observe the decay of Na.24 in aluminum disks as evidence of
neutron-induced reactions; in fact, we assume all Na%is produced by in-
cident neutrons, ' Aluminum disks, 8 in, in diameter by 1 in, thick, are
analyzed for Na24 content with a y-ray scintillation spectrometer, which ._\
uses an 8-in, ~diameter by 4-in, -thick NalI(T1l) crystal as a detector and

shielded counting facility provides the low-background environment re-
quired for this analysis work., Typical spectra are shown on Fig, 16,
The Na%4 spectrum appears as the upper curve; it represents data from
an aluminum disk containing relatively high Naf)‘4 activity, so that the
shape is not distorted by background count contribution, The lower curve
shows an_appropriate background (BKG) spectral shape: data obtained
from an unexposed disk, The original data were acquired during a 1300-
minute run, and are shown here at magnitude appropriate to a 220-minute
run time, ;

We ob;i‘dri;ve C11 dec g inside plastic scintillator as evidence of
neutron-induced reactions, Here again, we assume that neutrons are
responsible fé¥#%ll the observed activity, The scintillators are 5-in, -
diameter by 5-in, -high right circular cylinders, The internal decay
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radiation is studied with a spectrometer system that uses a 100-channel
pulse-height analyzer for data acquisition, Typical spectra from this
‘system are shown on Fig, 17, The solid curve represents response from
a scintillator irradiated for 1 hour at a Bevatron location where the mod-
erated BF, counter reported a fast-neutron flux intensity of 30 n/cmz-sec.
The actual’ PHA data run lasted 10 minutes; the curve is shown shifted
down-scale one order of magnitude from its original position, to achieve
an ordinate scale of c/min-channel, The dashed curve depicts the re-
sponse observed from an unexposed scintillator (the same scintillator be-
fore exposure); this curve is based on a 1000-minute run, normalized in
terms of c/min-channel, Vertical bars indicate the spectral region we
accept as valid 01 -decay 1nf?rmation; the interval was selected to max-
.imize our ability to detect cl decay with the present background count
" conditions, '
The bismuth fission counter is a large-area parallel-plate ioniza-
tion chamber;17 it is actually built of multiple plates coated on each side
"with a thin layer of bismuth so that there is a total of 60 grams of active
bismuth, We operate the chamber as a pulse counter, observing fission
events as signals which result from fast collection of electrons, Such sig-
nals are similar to those produced by proportional counters, although they
are much smaller, After suitable electronic amplification, these pulses
are sorted and recorded on a 10-channel pulse-height analyzer, We show
typical data from this counter on Fig, 18; note that these are integral bias
curves, not differential curves as for the previous two examples, The
steeper curve represents data taken at a Bevatron location from an over-
night run; actual data points, divided by a factor of 4, are shown, The
dashed line extending to zero bias indicates the nature of the zero-bias
extrapolation required to match calibration conditions, .The second curve,
with relati shallow slope, represents data from a 3-minute run on the
internal C{"”" fission source, Such data are taken frequently to verify

the correctness of gain for the entire system, including the fission counter, »

B. Relationships between Detector Response and Neutron Spectra

We obtam spectral information for the neutron energy range ex-
tending from about 0,02 MeV up to 6.2 BeV, the full energy of the accel-
erator-produced primary beam particles, Detailed spectral shape can be
obtained only when detectors have threshold energies spaced throughout
the energy region of interest, Our highest threshold, about 50 MeV for
the bismuth fission counter, is far below the primary particle energy, and
so this system Gan delineate only the broad character of a neutron spec-
trum, Howeveﬁ knowledge of reaction cross sections (or detector re-
sponse) up to th‘E@ primary energy allows the construction of rather narrow
limits on the pbsmble (and reasonable) spectral shape,

. We ha bxplored the relationships that exist among detector re-
sponse, or reaéﬁion cross section, detector count rate, and neutron spec-
tral shape, A d&;gltal computer program assists our study, and is arranged
so that input parameters can easily be varied, The computer program

S R
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actually works in the reverse direction with respect to the problem;

this approach has been taken for reasons of mathematical simplicity,

We assume a neutron spectrum, and also assign values to detector re-
sponse functions, The program then computes detector count rates be-
longing to these chosen parameters, In practice, it is most meaningful
to hold one kind of parameter constant (say the response functions) and
vary the other parameter, We might vary the assumed neutron spectrum
until we have achieved a set of computed count rates that match a set of
observed count rates; this is an example of determining the neutron spec-
trum, We might also vary the neutron spectrum in some systematic
ways to explore the nature and extent of count rate changes,

The other case, variation of response functions with a fixed neu-
tron spectrum, is also of great interest, This kind of variation permits
one to explore the changes in computed count rates that would result
from errors in response functions, i,e., calibration constants and re-
action cross sections, As we are well aware, reaction cross section
" values are imperfectly known, and it is very important to understand the
effect such inaccuracies can have on our results,

We present some results obtained from the computer program, v
We have not introduced sharp variations--variations that seem unreason-
- able in'terms of physical principles or known-valued parameters--in
either assumed neutron spectra or response functions, Our purpose is
not to demonstrate the efficacy of the method in dealing with all possible
extremes, but is rather to map its performance over a modest region
within which we believe the true situation resides,

As a first example, we take fixed values for all response func-
tions, and investigate the behavior of computed count rates as we per-
form variations on the neutron spectrum, We use the 1/E shape for the
basic differential neutron energy spectrum--a distribution that contains
equal numbers of neutrons in each energy decade, We superimpose a
flat energy distribution on this spectrum onc decade at a time, starting
with the interval’ 0.02 to 0,20 MeV, to simulate a broad peak lying within
the appropriate decade, The lower limit of 0,02 MeV is chosen because
dose contribution at energies below this point is unimportant, The 1/E
spectrum is shown on Fig, 19 as a heavy straight line, and superimposed
flat distributions are indicated by triangular areas bounded by lighter
lines, Numbers appearing inside these areas are then used as keys on the
horizontal scale of Fig, 20, This figure shows computed count-rate
changes for each detector when we perform the successive spectral var-
iations, Each.:éfletector, count rate has been normalized to unity for the
“ basic 1/E shapeé, Smooth curves are drawn through computed points, to
emphasize conttasts among detector response functions,

itest contrast exists between moderated BF_ and BiF
counters, as one would expect, These two detectors reporg information
from almost cOinpletely separate regions of the neutron energy spectrum,
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and so should be most sensitive to the spectral changes we wish to ob-
serve, Carbon and aluminum show intermediate behavior, We note that
aluminum does have a response peak in region 3, the 2,0-t0-20,0-MeV
decade, but that its response function is also effective at all higher ener-

gies, The high-energy aluminum response is already important at a spec-

tral energy end point of 6.2 BeV; it will be increasingly important as
higher end-point energies are encountered, In short, we cannot assume
aluminum is sensitive within only a narrow energy region, As we would
expect from their simple cross-section shapes, carbon and bismuth are
almost equally affected at very high energies; they dlffer mainly to the ex-
tent that their thresholds occur at different energies.

A For our next ¢éxample we take a fixed neutron spectrum, again

the 1/E distribution, and perform variations on the response functions of
detectors; computed count rates are examined to learn the extent to which
errors in calibrations or cross sections can influence our results, We
- will assume that moderated BF, counter calibration and réesponse function
are well known, so we do not perform variations for this detector,
(Response of the BF, counter at energies above 14 MeV is taken to be pro-
portional to corresponding values for the hydrogen total cross section,)
The main question concerns behavior of aluminum, carbon, and bismuth
fission detectors with respect to these variations,

Response-function variations for aluminum, carbon, and bismuth
are listed in Table 5; these values are cross sections in millibarns (mb)
for production of the observed reactions or activities, In each case,
preferred values are listed first, and variation sets appear in succeeding
columns., Preferred values are also shown in graphical form on Fi%s. 21
and 22, These curves are based on recent compilations b Bruninx

and Cummings, 19 and recent work by De Carvalho, et al, We list com-

puted count rates from the 1/E spectrum for each complete set of response
functions; we also show the percentage change observed for each variation
set relative to values obtained from the preferred set, The last column
contains the preferred set of relative values for the moderated BF‘3
counter responsé function, '

We draw attention to the following items. The value of the alumi-
num cross section is maintained constant at 100 mb in the 6-to-20 MeV
energy region, If we then vary the value for the flat portion of the high-
energy cross section from 7 to 15 mb, we observe only a decrease of 12%
and an increase of 13%, respectively, in count rate, Data not presented
here also show that details in shape of the cross-section curve that joins
the peak regionsto the flat portion are of no practical importance, For,
carbon, the presence or absence of a peak of reasonable magnitude Just
above threshold has little effect on computed count rates, By similar
_ tests, one cand aﬂemonstrate that reasonable errors in values for reaction -
energy threshblds produce small changes in computed count rates, For
example, if we assume the carbon cross section to be zero everywhere
below 60 Me Vf"”bur computed scintillator count rate decreases only about
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‘20%. We are é.ttempting to observe only broad spectral shapes, not
“sharp details, and so-we can view a 20%change as a minor one,

These observations are valid for the 1/E spectral shape when this
distribution extends to energies far above those at which reaction cross

. sections exhibit rapid change, or sharp structure, The shape we deduce

for the Bevatron spectrum does not depart widely from a 1/E distribution

. until we reach the vicinity of 1 BeV; thus the above remarks should be

" valid for our work at the Bevatron, Were the spectrum extended to higher

energy, as a higher-energy accelerator, sensitivity of detector response
to changes in cross-section fine structure would be reduced even further,

In the third example, we use what we consider to be the most rea-

~ sonable values for response functions, and compare count rates computed .

for several different neutron spectra with the count rates actually ob-

served at the Bevatron, These spectra include: a flat energy distribution, _
“the 1/E energy dlstnbutlonb the experimentally determined cosmic-ray
neutron energy spectrum, -

and the neutron energy distribution that
provides a good fit for the Bevatron experimental data, The latter three

- spectra are shown on Fig, 23.

This Bevatron spectrum is essentially a combination of the 1/E
distribution at low energies, and the cosmic-ray distribution modified for
a 6,2-BeV energy end point; the two basic shapes are joined smoothly in
the vicinity of 10 MeV, The spectrum shown here represents an average
derived from five measurement sets, all obtained at the outer surface of
the Bevatron main shield, These stations were located in the vicinity of
a thick internal target in the Bevatron south tangent tank, at angles that
ranged from 90 to about 45 deg forward with respect to the beam-target
line, Shield thickness varied from about 5 ft minimum to about 14 ft max-

" imum, For aluminum, carbon, and bismuth the spread of values among

individual sets is small relative to the averages shown here: all lie within
+ 15% of the averages, Moderated BF, counter response shows a wider
range, with one value about 50% above, “one about 50% below, and the

._other three within + 15% of the average value, Sensitivity to low -energy
- scattered neutrons is an important contributor to this behavior of the BF3

counter,

The performance of our four detectors is shown graphically on
Fig. 24, where we plot their response to the different neutron spectra,
All detector response values are shown relative to that response observed
in the Bevatron gpectrum; the Bevatron response is taken to be unity for
each detector. An additional normalization places all BF3 values at
unity, to emphabize contrasts among high-energy detector response char-
acteristics, Th} horizontal scale has no physical significance beyond

" that of arrangm detectors according to reaction energy thresholds. Note

that aluminum,” “arbon, and bismuth responses to the cosmic-ray spec-

trum are at lé.‘ast a. factor of 2 lower than those for the Bevatron; also,

that detector ﬁg"ponses to the 1/E spectrum are at least a factor of 2
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higher than those for the Bevatron, The important point is that we can
tell differences among these spectra rather easily., Stated in another way,
we observe that the method is sensitive to broad spectral differences, and
is able to make clear choices without requiring extremely precise input
data, ' :

C. Relationships between Neutron Spectra and rem Dose

We comment briefly on the relative biological hazard associated
with each of the four spectral distributions, We use NBS Handbook 63
and ICRI:’22 recommendations for conversion of neutron flux intensity
into rem dose for energies up to 10 MeV,

Although conversion of flux to dose at energies above 10 MeV,is
somewhat a matter for conjecture, we accept the expression 30.2/E%

the flux of neutrons unaccompanied by secondaries that delivers 100 rnrz%n'k‘}

?

"in 40 hours, as a relationship that is based on reasonable calculations,
We use the rem data and operate on a spectrum to find the dose contrib-
uted in each energy interval. These contributions are then summed, start-
ing with the lowest energy interval, and the summation is normalized to a
value of 100% for the complete spectrum, We can now construct a curve
to show percentage of total dose contributed below any given neutron.
energy. Results of these operations on our four spectra are shown in Fig,
25, In all but the flat spectrum (an unrealistic distribution), roughly 1/2
to 4/5 of the dose is delivered by neutrons with energy less than 60 MeV:

- values from the curves are 45%for 1/E, 60% for Bevatron, and 83% for
' cosmic ray, We can also use spectral shapes and RBE data to_compute
values for rem/neutron, We f'hnd the highest value to be 7X10°° rem/n for

the flat spectrum, and 3.3X10°° rem/n for the cosmic ray spectrum: only

a factor of 2 difference for these strikingly dissimilar spectral shapes.

D. Results at 184-Inch Cyclotron

The mixed system of threshold detectors has also been used at the
Berkeley 184-inch cyclotron; we cite one example of its application at this
accelerator, We selected a station at the outer surface of the main accel-
erator shield, where detectors were located in a forward direction with
respect to high-energy particles emerging from the cyclotron and were
shielded by a 15-ft thickness of concrete, The accelerated particle beam
consisted of full-energy (730-MeV) protons,

Results 6f this exposure are consistent with the Bevatron results
described previously. In particular, count rates from moderated foil,
aluminum disk, f{':‘-{a.nd carbon scintillator were almost identical in relative
terms to these Same detector responses observed in our averaged Beva-
tron result, Tb:e bismuth fission counter showed a somewhat higher
relative countitdte at the cyclotron than at the Bevatron; even so, the
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cyclotron results 1nd1<:ate a sPectral distribution whose slope is steeper
“than 1/E at high energies,

Let us examine the cyclotron results in greater detail. The mod-
erated foil indicated a fast neutron flux value of 75 n cmz-sec while the
bismuth fission counter reported a value of 18 n/cm¢4-sec, As we have
already demonstrated, these two detectors respond to (nearly) separate
spectral regions; we will now assume they do respond to completely sep-
arate regions, Consider the moderated foil response to lie within the
region 0,02 to 20 MeV, three decades of energy; also, consider the bis-
muth fission counter response to lie in the region 50 to 700 MeV, slightly
more than one decade. By definition, a 1/E differential spectrum con-
tains equal numbers of neutrons in each decade; therefore these two de-
tectors are seen to prescribe the existence of very nearly a 1/E spectrum,
This situation is indicated because the moderated foil gives approximately
three times the flux value shown by the fission counter, from aresponse .

- characteristic that extends over three times the range of energy. In fact, N
we would infer a slightly steeper slope from our observed flux values and }
the assumed response regions, '

_ We have also shown that in a 1/E spectrum, about 50% of the neu-
tron dose is delivered by neutrons of less than 60 MeV; thus the below-60-
MeV percentage at the cyclotron station should be somewhat higher, be-
cause the spectrum falls more rapidly than 1/E, and there is a direct re-
lationship between steepness of slope and this dose parameter.

For the 1/E spe §rum our calculations predict that the dose per
neutron is about 4.6X107° rem/neutron, When we use the two-counter
method (moderated BF, counter and polyethylene-lined counter) at this
station, 45 the experimental data indicate a value of 4, 4x10-8 rem/neutron,
Here again we see a consistent pattern reported by widely different neu-
tron detectors. Such performance offers additional strong confirmation
regarding the applicability of our detection systems and measurement
techniques for use at high-energy particle accelerators. As we have
stated before, the kind of data reported by these detectors is useful for
both biological hazard and shield design problems., This point cannot be
emphasized too strongly,

E. Use of Detectors in Low-Intensity Fluxes

The method can be applied over a wide range of neutron flux inten-
sities, At locations outside accelerator shields, the problem is usually
- that the intensity may be too low (rather than too high) for successful
measurement, It is in the context of low-intensity measurements that we
have recently ma.de greatest progress; to this area we now turn our atten-
- tion,
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A moderated foil or BF, counter can easily be made to provide
the required sensitivity for low-intensity measurements, Our large bis-
muth fission counter registers about 1 count/sec when immersed in auni-"
form neutron flux intensity of 57 n/cmz-sec, at 220 MeV neutron energy;
thus a flux intensity of 1 n/cm®-sec at energy well above threshold will
produce about 60 counts/hour. We require the order of 200 counts per _

" run from the bismuth-fission counter in the interest of statistical value of
results. If we then assume a ratio of 10:1 between BF,-indicated total

fast neutron flux and bismuth fission neutron flux, the ldwer limit on flux -

intensity for a 1-hour exposure is about 30 n/cmé-sec, as measured by .
the BF, counter. :

A 1-hour exposure is about three half-lives for the 20.4-min C1

activity observed in carbon scintillators, and is considered to be close to ' .

the maximum allowable exposure time for typical irradiation conditions,
If carefully controlled constant-intensity conditions can be guaranteed,
then there need be no limit on scintillator exposure time, but we usually
are unable to specify such conditions, and so impose this somewhat arbi-
trary time limit, We consider a 1-hour exposure to be compatible with
scintillator activity half-life, if we can be certain that irradiation condi-

tions remain reasonably constant during this interval. An intervalduring

which accelerator beam magnitude fluctuated in a random fashion around

one particular value would be an acceptable exposure condition; an inter-
val during which the beam intensity changed erratically and attained a sig-
nificantly different value would not be an acceptable irradiation condition,

The carbon scintillators used for th}g work are 5in, in diameter
by 5 in, thick, weighing about 1700 grams, Our experimental calibra-
tion at 220 MeV neutron energy and a calculation using a reaction cross
section value of 22 mb indicates a count rate of 104 counts/min from an
.immediate analysis following a long exposure at intensity 1 n/cmz—sec.
If we use the BF, flux intensity of 30 n/cm&-sec, and assume a carbon
flux of 5 n/cmz—sec, we observe a count rate in excess of 400 ¢/min in
the scintillator, This count rate is easily measured with good precision,

The aluminum discs arezg in, by 1 in, thick, and weigh 2.2 kg each;
the Nal(T1l) crystal used for Na®" assay is 8 in, in diameter by 4 in, thick,
The large size ¢f this system is necessary because the 1-hour exposure is
quite short in comparison with Na?4 naif life, 15 hours, A 1—512ur expo-
sure produces only about 4,5% of the equilibrium amount of Na“” in a disk,
and so our potential sensitivity must be much greater than can be used in

the present context,

At calibration neutron energy, 14 MeV, irradiation of a disk to
equilibrium in & constant flux of intensity 1 n/cmz-sec will produce 70
counts/min inydlr y-ray scintillation spectrometer system, .We use the
y-ray energy ipgerval 1.29 to 2,90 MeV to define Na?‘4 activity, This
interval includes the two prominent y-ray peaks and the intervening

P

P X
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continuum; it was selected to maximize the sensitivity for Na24 detection .

" in our spectrometer system

We again select the 30 n/cmz-sec total fast neutron flux intensity,
and assume 1/5 of this flux to be the Sguwalent 14-MeV flux, We then
observe about 16 counts/min due to Na“® decay if a disk is counted soon
after the 1-hour irradiation. At a background (BKG) count rate of 95

- counts/min, we can determine this activation to 7% in a 100-min count

period.

From this brief description, it should be clear that the method is
useful for flux intensities existing in areas that may be occupied a signi-

- ficant fraction of the time, This comment pertains to the 1-hour simul-
taneous exposure, When we can permit longer exposures for aluminum

disks and the bismuth fission counter, much lower flux intensities can be

|
We cite the example of aluminum in this context because it is the

- activation element which has been most thoroughly studied in terms of low-
flux measurement capability, The calibrﬁ::lon at 14 MeV neutron energy

glves a value of 70 counts/min in our Na“*-assay interval when a single
disk is irradiated to equilibrium in unit neutron flux, If five disks were
irradiated in this manner and then counted stacked together on the 8-in,-
diameter crystal, we would observe about 150 counts/min. Extrapolation
of some recent tests with different sizes of disks indicates that we might
achieve a count rate of about 400 counts/min if five discs of 16-in, diam-
eter were analyzed together., Note that the BKG has not increased as we
increase the amount of activation element (assuming, of course, that the
disks contain no natural radioactivity); thus the count-rate increase is all
clear profit, so to speak,

We can now estimate the lower limit for measurable flux, using

-the above values and a nominal BKG rate of 100 counts/min, Consider a

count period of 1000 minutes closely_following long exposures to 14 -MeV
neutrons, An intensity of 0,01 n/cm‘ -sec can be determined to £ 14%
with a single digk, and to 7% with five disks, each 8 in, in diameter by
1 in, thick, Single disks of this size are used routinely; multiple arrays
have been used for special situations, We consider this to be a practical
system for flux measurement,

If we used 16-in, ~diameter discs, five at a time, we could deter-
mine a flux of 0.0041 n/cm“-sec to +25%in the 1000-min count period.
Such a measurément assumes the proportions of an heroic effort, but is
by no means 1mb0581b1e

Use of pair of crystals instead of a single crystal would 1mprove

‘all performanfca characteristics; use of larger crystals would also provide

a net gain, Ifé*ﬁﬁoes appear that the order of 0,001 n/cm®©-sec is close to
the lower hmi?t;%,of measurable flux from a single irradiation and a single
analysis period, :
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The most important aspect of this increased sensitivity is not the
ability to measure such small fluxes from long irradiations, but is to be
able to measure considerably higher fluxes from much shorter exposures,
Compatibility with the 20,4-min c11 nalf-life is an important factor here,
Accelerator beam-time is always at a premium, and the capability of
using short intervals of beam control greatly enlarges the scope of meas-
urements we can undertake,

We have not attempted to develop extremely high sensitivity in any -

other activation element, except in carbon scintillators., The other thres- .

hold reactions described in the first part of this paper produce measurable
activations when the 4-in, -diameter saxnéales are irradiated for an hour in
flux intensities on the order of 100 n/cm®-sec, well above threshold. We
are now studying the value of these reactions to the mixed system method,
in an effort to determine which, if any, elements should be developed

into very-high-sensitivity detectors, ‘ , .

I

F. Background Count-Rate Considerations

Qur success in measurement of low-flux intensities (small induced
activations) is related directly to our ability to provide a counting environ-
ment in which the BKG rate is both very low and very constant, 6" In fact,
without such a BKG environment these measurements would be impossible,
We will omit detail here, and simply state that the BKG count rates in
our spectrometer detectors are constant within the statistical significance
‘of frequent long BKG runs--that is, within a small fraction of 1%, Use of
a carefully maintained spectrometer system with this counting facility then
permits us to accept as valid information net count rates that are small
compared with the BKG rate, Spectrometer runs that produce low net
count rates are always done carefully, but such runs are usual rather than
unusual in our work,

For aluminum disc analysis, low BKG in our 8-in, -diam by 4-in, - .

thick NalI(T1l) crystal is due entirely to the low-background counting facility |

and careful selettion of low-activity components in the crystal-photo-
multiplier assembly. We have made a careful study of the observed Nal4
y-ray spectrum in relation to spectrometer background response, This
study shows clearly that both the 1, 37-MeV and 2.75-MeV total absorption
peaks and the intervening continuum should be accepted when we wish to
obtain the maximum information in a given counting time. This situation
is true at all activity levels, and is particularly important for measure-
ment of low levels, If we allow at least 30 min between exposure end and
analysis start, ho interference is likely to be Encountered from any other
y-ray act1v1t1bs Zposmble exception is Na? , a2,6- -year- -half-life iso- > 4
tope; howeversj i Na? activity will be n Z%hglble in comparison with the Na
activity from .afréy smgle exposure, activity is more properly viewed
~as a BKG problém in particular, one must keep track of previous exposure
history for dls“-»s that are to be reused,

“

‘-
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Spectrometer BKG rate in the Na.24 interval (1.25 to 2.90 MeV
y-ray energy) is 85 counts/min when no sample is present on the detec-
‘tor; it should remain at this value when unirradiated disks are counted,
However, a single unirradiated disk increases the BKG rate to 95 counts/
min, because of the presence of a small amount of thorium in the type
6061 aluminum alloy used for our disks, This is an unimportant differ-
ence in terms of increasing the magnitude of BKG, but must be known
accurately when small activations are measured,

For the Cii-assay, we have been able to reduce BKG count rate
in a 5-in, ~diam by 5-in, -thick plastic scintillator from the previous
value of 700 to 800 counts/min to the present low value of 125 counts/
min, The improvement is due partly to use of the low-background
counting facility, and partly to use of a 100-channel PHA for data acqui-
sition, The PHA technique permits very precise and reproducible selec-
~ tion of an upper boundary on the pulse amplitude accepted as valid ¢!
 decay events, while at the same time excluding all larger-amplitude
pulses that conta.ln no C!1information. For all but the lowest- act1v1t¥

scintillators, a single PHA run can easily verify that the activity is C
verify that the system ga.1n is correct, and check for the proper selection
of an upper boundary of C11 events. As a direct consquence of this
" method, we can process more scintillators in less time and with greater
precision than has been possible in the past.

Both detectors produce a net count response from an equilibrium :
exposure to unit flux at calibration neutron energy that is nearly equal
to the respective BKG rates, For aluminum we have 70 counts/min ;

r compared with 95 counts/mln, for carbon we have about 100 counts/mm

compared with 125 counts/min, The net count rates are also relatively
large numbers in both cases. This is an importa.nt consideration ‘when
counting time is desired to be kept short, as in alurmnurn, or when half
life is short, as in carbon,

G, Concluding Remarks

We call attention once again to the more or less accurate nature
of this work, Neither ¢cross-section values, detector calibrations, nor
RBE values are known to desired precision, particularly at very high.

. neutron energies., The purpose here has been to indicate some of the
trends one can discern if we first agree upon values for these approx-
mately known qtantities, and then use them with reasonable models to
study certain problems, We see that cross sections and detector cal-
ibrations need i}ot be known exactly in order to study smoothly varying
wide-range neutron spectra, We note that different spectral shapes can
be clearly dlSrtlngUIShedWJ.th our fourdetector system, and that this work
can be carriegd ‘out successfully at "occupational’ flux 1nten31ty levels,
Our evaluatm?‘mindlcates that the Bevatron neutron spectrum is quite
similar to the prevmusly measured cosmic-ray neutron spectrum,
Finally, we s%@é that the dose per neutron is relatively insensitive to the
spectral shapes likely to be encountered outside shields at a high-energy
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' particle accelerator,

Our use of this detector system has one important nontechnical
aspect that should be mentioned, We find it most effective for threeor = - = (.
four people to do the actual detector analysis, each person concentrating . it
his effort on one particular detector. However, these people are simul- o
taneously at work on a common project, and are led naturally to acquire
familiarity with characteristics of all four detectors. The significant
(and immediate) results achieved through such joint purpose serve as
healthy reminders of the advantages that cooperative effort can provide.
Too often we work in relative isolation, unaware of our colleagues' _ il
thoughts, accomplishments, and capabilities; it is quitebeneficial to have f
frequent clear purpose for common effort, such as we describe here,

e At 5 S R e oyt
BTttt o lis oo s i

V. SUMMARY :
| A

At the Berkeley accelerators, we find the neutron component of
the radiation field to be the most significant in terms of biological haz-
ard; it is also the most useful component for shield design and evaluation
- purposes, It follows that we attach great importance to the study of
characteristics of this neutron flux, The studies we have just reported, Do
the application of two types of threshold detectors to neutron spectroscopy Tt
around the high-energy particle accelerators, are seen to be items cen- o
tral to our purpose,

We have obtained neutron spectral information with activation-
element threshold detectors at the Bevatron, where 6.2-BeV protons were
the particles incident on a thick concrete shield structure., The spectra
were measured at locations inside this shield array--but only at locations
that were not directly on the proton beam axis, Observed spectral shapes
are consistent with a 1/E distribution over the energy range 2 to 30 MeV,
and are in agreement with results acquired through use of our mixed 7
system of threshold detectors. We have been unable to derive meaningful
spectral results from detectors irradiated at positions along the proton , .
beam axis, principally because we are not able to make proper correction . .
for the fraction of detector activation that is caused by high- energy par- o |
ticles, The paucity of high-energy neutron cross-section data is the most
serious obstacle to progress here,

T it et g o s

Activation-element threshold detectors have also been used at the
88-inch cyclotron, where incident particle energies are less than 80 MeV;
analysis of detector activation is much simpler here than at Bevatron
particle energi.es '

We have discussed some problems that accompany ‘the use of ac-
tivation- elen‘féﬁt detectors, Problems associated with y-ray spectrum
He ”iscrlbed and some solutions are suggested, We conclude

analysis are d L -
that the mos irious y-ray analysis problems can be solved through use 0
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of more sophisticated digital computer programs, the larger-capacity

PHA, and (in some cases) high-resolution Ge(Li) y-ray detectors. This
work is now under way. The other major problem, the lack of reaction
cross-section data, is a matter that cannot be so easily remedied, The

~requirement here is for basic nuclear reaction data, and will entail a

considerable research effort for measurement of the important cross
sections., This appears to be a long-range project, but is amendable to
attack in many places at once, and would seem to be excellent thesis re-

-search material, We urge that such efforts be undertaken,

In our study of neutron spectra outside the shield but near a thick
Bevatron target, we have shown how the mixed system of threshold detec-

.- tors indicates a particular spectral shape. The observed neutron spec-
-" trum exhibits a 1/E shape in the energy region 0,02 to 10 MeV, and a

somewhat steeper slope as the energy increases beyond 10 MeV. This

slope is quite similar to that of the cosmic-ray-produced neutron spec-
- trum, and appears reasonable in view of nuclear interactions that high—d26_2

energy particles experience as they penetrate a massive concrete shiel
We indicate how the preferred spectrum may change if reaction cross-

- section values are incorrectly chosen, and demonstrate that such changes

are small if the errors in these cross sections are reasonably small,
We describe use of this system at the 184-inch cyclotron, where the ob-
served spectral shape is again consistent with the description just given.

Results of these studies are consistent with our general concepts
of shield behavior and neutron spectral distribution when high-energy

"1, - accelerator-produced particles generate the radiation field, We see

that threshold detectors are quite effective in providing information for
the investigation of such phenomena over a wide range of flux intensities,
We also see that lack of basic nuclear reaction data is one of the most
serious limitations to more widespread and effective use of these detec-

tors, : :
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. FIGURE CAPTIONS - .
Fig, 1. Gamma-ray spectra from aluminum disc: shield array expér- :
iment at Bevatron, | ‘ ,[

Fig, 2. Gamma-ray spectra from titanium disc: shield array exper-
iment at Bevatron, .

Fig, 3. Plan view of shield array.
Fig., 4. = Working face of shield array.

" Fig. 5. Detectors positioned in wooden troughs, o ‘ . v %

Fig. 6. Excitation function for Niss(n, p)C058.

" Fig. 7. Excitation function for Fe56(n, p)Mn56.

Fig, 8. | Excitation function for A127(n, o.)Na.2'4.

€

Fig. 9, Excitation function for Mg24(n, p)Na24.

Fig. 10, Excitation function for Cosg(n, 2n)C058,,

126

Fig., 11, Excitation function for 1127(n, 2n)l

Fig. 12. Excitation function for Ti*S(n, p)Sc?®,

Fig,- 13, Measured neutron-energy spectra in the shield array at
- locations 4'-1' and 4.3'; step-function method used for cal-
culation, :

Fig. 14, Measured neutron-energy spectra in the shield array at loca-
tions 8'-2' and 8'-4'; step-function method used for calcula-
tion. . _ : , !

Fig. 15, Gamma-ray peaks from several scandium isofopes produced in
titanium: hypothetical structure showing resolution capability
of Ge(Li) detector, :

Fig, 16. Gamma-ray spectra from 8-in, -diam by 1-in, -thick aluminum
disc, ;showing Nal4 shape and BKG shape,

Fig., 17. Spectra.l shapes observ?g in 5-in, -diam by 5-in, -thick plastic
scmtﬁlator showing C°* and BKG shapes, - .

Fig., 18. Blsmuth fission counter response, showin § tntegral bias curves .
fromt: a.ctua.l Bevatron data and internal Cf check source, : :
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The 1/E neutron-energy differential spectrum, showing the
superimposed steps used to investigate detector response
characteristics,

Normalized detector response characteristics observed from
spectral distributions shown on Fig, 19.

Relative response characteristics of moderated BF4 counter
for various neutron energies,

Preferred values for aluminum, carbon, and bismuth cross-
section curves, ’

Neutron spectral shapes used for detector response study.

Normalized detector response for spectral shapes shown on
Fig, 23. ' ' :

Percentage of total dose delivered by all neutrons with ener-

gies lower than the given energy values, showirng results

obtained from four spectral shapes,
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Table 4. Threshold detectors,

Reaction Theoretical® Effective® Half life of. Form of
threshold threshold residual detector
(MeV) {(MeV) nucleus
Ni~8(n, p)Co>® 0.4 1.2 71 days  4-in.metal disc
2127 (n, pymg?” 1.8 2.7 9.5 min  4-in. metal disc
Co>?(n, a)Mn>® -0.3 5.3 2.58 h 4-in, metal disc
Fe?%(n, p)Mn>® 2.9 5.0 2.58 h  4-in. metal disc
Ti48(n, p)Sc48 3.2 5.2 44,0 h . 4-"in. metal disc
" Mg%%(n, p)Na®t 4.7 6.4  15.0h 4-in, metal disc
A1%7(n, a)Na?? 3.1 5.9  15.0h 4-in. metal disc
127( n, 2n)I pt26 9.3 9.4 - 13,2 days Boxed crystals
Cosg(n, Zn)Co58 10.2 . 10.8 71 days  4-in, metal disc
Ni°8(n, 2n)Ni 37 1.8 12.5 36 h 4-in. metal disc

2The theorectical threshold is calculated as - Q X M, where O is
the Q value for the reaction and M is the mass number of the target

nucleus, The effective threshold is the energy at which the cross section
is 1/100 of its peak value.
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Table 2. Additional threshold reactions

Reactions

Zn64(ri, p)Cu64
9

Co”?(n, p)Fe°
52
Cr™"(n, p)V

V7 (n,a)Sc
203

11%93(n, 2n)T1%
120g

121

Sb"“*(n, 2n)Sb

" cu®3(m, 2n)Cu

65

F '(n, 2n)F
Zn64(n, 2n)Zn

Fe 4(n, 2n)Fe 5

As7 (n, 2n)As "
Au197(n, 2n)Au

02

62

A

63

196g

ct?(n, 2n)ctt

Sizg(n, p)Al28

cu®5(n, p)ni®

I (n, n')In

103

5
115 115m
n

Rh (n, n')Rh

p31(n, 0)a1%8

103m

Mo??(n, 2n)M0??

Bz

&

Theorectical  Half life of residual
threshold nucleus
(MeV)

-0.2 12.9 hr
0.8 45 days
3.1 3.77 min
0.6 3,77 min
1.6 44,0 h
8.8 12.0 days
9.3 16 min

10.6 9.9 min

10.1 12,9 h

11.6 2.4 days

12,9 2.6 y

11,0 i.87h

11.8 38 min

13.6 9.0 min

12.7 2,55 min
9.1 50.0 days

10.4 .18 days
8.1 6.1 days

20.3 20.4 min
3.99 2,3 min
1.3 2.65 h
0.2 4,6 h
0.04 54 min
2,0 2.3 min

16 min

13.3

5,
i

;.
PR
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Step-function solution values for Bevatron

Table 3.
shield neutron spectra,
Energy
interval ME)
(MeV) Fig, 13 Fig. 13 Fig, 14 Fig. 14
4o q) 41 -3 g1-2! 8- 4!
2-6 2.38 x 10° 2,78 x10° 3.0 X 10° 5.9 x 10%
6-11 0.57 X 10° 0.65 X 10° 0.65x10° 1,25x10%
11-16 0.50 X 10° 0.37 X 10° 0.37%10° 0.65x 10%
16-22 0.24 x 10° 0.24 X 10° 0.24X10° 0.58x10%
22-30 0.21 x 10° 0.16 X 10° 0.24x10° 4

0.50x 10

i
o]

e -



-37- UCRL-16312

Table 4. Threshold reactions on natural titanium.

. Estimated
Reaction Half life v-Energy Abundance threshold
(MeV) (MeV)
Ti48(n. p)Sc48 44 hr 0.99 100% =5

1.04 100%

1.32 100% ]
1i*7(n, psc®’ 3.4d 0.16 60% =15
Ti46(n. p)Sc46 84 d 0.89 100% ~3 y

1,12 100% '

1%, 20)Ti* e g 100% w14 .
' 0.5¢ . 200% t : i

* : . ‘ i‘..

"Ti o )Sc44 3.9 hr 1,16 100% ;
| Bt 93% {,._

0.51 : 186% ‘

i )se**™ 244 0.27 86%
Ti48(p, nyv*8 16,1 d 0.99 100% ~7

1,32 100%




Table 5,

Detector response function values, including variation sets for aluminum, carbon, and bismuth,

Neutron Aluminum, Aluminum, Aluminum Carbon, Carbon, Carbon, Carbon BiF BiF BF,,
energy normal low high normal low medium high normal low normal
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb)  (relative)
0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.80
0.14 . 0. - 0 0 0 0 0 0 0 0 0.80
0:40% 0 0 ~0- . 0 0 0 0 0 0 1,1
1,40 0 0 "0 0 0 0 0 0 0 1,2
4,0 0 0 0 0 0 0 0 0 0 1.1
14.0 100 100 100 0 0 0 0 0 0 1.0
40,0 15 7 15 22 20 25 © 40 1,0 50 0.20
140 10 7 15 22 20° 25 30 80 130 0.04
400 10 7 15 22 20 25 - 25 170 130 0,01 \
1400 10 7 15 22 20 25 25 150 130 0.0 g
4000 9 7 15 22 20 25 25 150 130 0.0
Relative . 4 5 - 5 5 3 3 6
count rate 3.41X10% 2.99x10% 3.86x10% 5.17x10° 4,70x10° 5.87x10° 6.85X10°  4,47X10”  4.69X10° 2.97X10
Percentage - : T '
change 0% -129% +139, 0% -9% _14% +32% 0% +5% —--

21€91-1490N
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






