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ABSTRACT

Improvements and changes in our techniques for using
nuclear track emulsions as neutron spectrometers are
described. Emulsion development procedures, necessary data
corrections, control of scanning errors, error propagation,
and the analyses used to infer the neutron spectra are
summarized. To test the spectrometric system, pseudo-proton
track data were generated from a 839PuBe spectrum by a
Monte Carlo technique and used to produce a neutron spectrum
for comparison with the original spectrum. Spectra from
real measurements are presented.
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INTRODUCTION

Our first use of thick nuclear track emulsions as

neutron spectrometers, was reported in 1964<l>. We have
since modified and improved both our experimental and ana
lytical techniques. This report describes the methods now
in use at our Laboratory.

Refinements in the processing of thick Ilford G-5
nuclear emulsions have been made to minimize distortion of the

developed emulsion. The developing process has been
extended to K-2 and dilute emulsions.

More accurate shrinkage correction factors and proton
range-energy relations are applied in analyzing the track
measurements. A statistical comparison of the data from
individual scanners is routinely performed to detect gross
errors. In addition, as we usually accumulate data on
about 10,000 proton tracks for each emulsion and these data
are recorded one track per punched card, we have generated
a large number of data cards. To facilitate data handling,
a computer routine has been written which reduces the

number of data cards to about one-ninth.

The recoil proton data collected from an emulsion are
analyzed as either an edge-normal or isotropic exposure to
yield a neutron spectrum. The statistical and propagated
errors in the neutron spectrum are estimated.

To test our analytical procedures, sets of pseudo-
proton track coordinate data were generated by Monte Carlo
techniques for both edge-normal and isotropic exposures to
a 839PuBe neutron source having the spectrum reported by
Anderson(8). These pseudo-proton coordinate data were
analyzed to yield neutron spectra which were found to be
comparable with the original spectrum. Measured spectra
have also been compared with other appropriate measurements
or theoretical results as a further test.

The specific doses in rad/(n/cm8) are routinely computed
from the emulsion data and compare well with published
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values. The specific doses are based on so-called first
collision tissue dose conversions, and on maximum tissue
dose conversions in a 30 cm thick tissue-like slab.

PROCESSING THICK EMULSION PELLICLES

1. Changes in Processing Techniques

As previously reported, we use the isothermal developing
process of Akagi and Lehman(1-3>. The developing times for
different nuclear emulsions, which are shown in Table 1,
vary significantly. For 600 micron thick emulsion pellicles,
normal G-5 emulsions require 1.5 hours in the developer,
while normal K-2 and G-5 emulsion diluted by four times the
standard concentration of gelatin (4XGel) require 4.5 hours
and dilute (4X Gel) K-2 requires 13.5 hours. As the Amidol
in the developer oxidizes rapidly, the developer is replaced
every 1.5 hours. The times for washing and fixing are not
changed.

Errors in the measurement of the track coordinates can
result from emulsion distortion due to shrinkage during
drying. This shrinkage can reduce the pellicle thickness to
one half or less. The removal of large amounts of undeveloped
silver halide crystals from the gelatin matrix during the
fixing of the developed pellicles produces voids which col
lapse during drying. To prevent or reduce shrinkage, these
voids should be filled before or during drying with some
optically clear material having nearly the same index of
refraction as the emulsion.

Akagi and Lehman used a 35% resin-in-alcohol bath after

a 100% alcohol bath to fill the voids and reported that
shrinkage is reduced nearly to zero(3>. We were able to
reduce the shrinkage only to 20 - 30% with this technique.
Similar results have also been obtained by adding 20%
glycerin to the alcohol baths. The pellicles are air dried
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in the development racks rather than between the silk screens
used with resin soaked emulsions. This allows the pellicles
to contract freely and prevents distortion of the length and
width. We chose the glycerin over the resin because:

a) Following the resin treatment, the emulsion pellicle
becomes hard and brittle, and a very strong glue is re
quired to mount it on a glass slide. If the slide is
broken, the pellicle will also be shattered. With the
glycerin solution, the pellicle is left pliable and can
be easily mounted by squeegeeing it onto the slide. If
the slide is broken, chances are that the pellicle will
not be damaged.

b) Resin is not very soluble in alcohol and the preparation
of the 35% resin-in-alcohol solution requires thorough
mixing and filtering to remove remaining particles.
Resin is very insoluble in water and the solution dries
to a white gummy substance, making cleanup and handling
difficult. The silk screens between which the emulsion
pellicles are dried must be cleaned with generous amounts
of 100% alcohol after each use. Glycerin, on the other
hand, is soluble in both alcohol and water and, therefore,
much easier to use.

c) The glycerin is added to the alcohol baths; resin requires
an additional bath and the total processing time is
extended by 24 hours.

Other concentrations of glycerine might decrease the
shrinkage further but care must be taken, since the maximum
working distance of our 100X objective is only 630 microns
and the pellicle thickness must not exceed this value.
Micrometer measurements of unprocessed Ilford G-5 emulsion
pellicles, nominally 600 microns thick, show that the actual
thickness averages 660 microns with a few pellicles exceeding
700 microns. Therefore, a shrinkage of about 10% should be
allowed for use of this emulsion with our objective.

2. An Automatic Processing System

Because of the long processing times for thick nuclear
emulsions (33.5 hours for 600 micron G-5 emulsion pellicles),
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an automatic processing system was designed and fabricated
by the HASL Instrumentation Division. The system requires
attendance only at the beginning and end of the processing
cycle. The 2^ gallon processing tank can hold up to 40
2.5 cm by 7.5 cm emulsion plates or pellicles on four
processing racks. All components of the system that come in
contact with the processing chemicals are fabricated from
plastic or type 316 stainless steel. A description of the
system and its operation is given in Appendix I.

DATA COLLECTION AND REDUCTION

1. Scanning the Emulsion

Normally we collect recoil proton track sample sizes
ranging from 4000 to as many as 20,000 tracks. The scanner
measures the length and width of the emulsion with a ruler,
and the thickness with the microscope fine focus. These
measurements, along with the emulsion number and the

scanner's identification number, are automatically recorded
in the first 20 columns of each proton data card.

The scanner locates a proton track, aligns one end with
the microscope crosshairs and presses the punch button on
the control panel, causing the 20 columns of data control
information and the X, Y, and Z coordinates of the endpoint
of the track to be punched on a data card. The operation is
repeated for the other end of the track and the data card is
then automatically ejected from the card punch. If the
scanner finds that a track "escapes" the emulsion surface,
is not straight, or is part of a star, he can reject the
data card. These cards will be ignored during subsequent
computer.analyses. After measuring one track, the scanner
locates the endpoint of the closest track and repeats the
process. This "random walk", scanning technique results in
a sample that closely approximates the population from which
it was drawnu>. If a track is rejected for one of the
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above reasons the scanner returns to the endpoint of the last
acceptable track and resumes his search. The procedure is
repeated until a large enough salnple is obtained.

2. Escape Corrections

There is a possibility that a recoil proton track will
not be wholly contained within an emulsion of finite size.

Because only those tracks that are wholly contained can be
measured, a correction depending on the track length must be
made to obtain a track sample with the correct relative
number of short and long tracks.

As the emulsion length and width, 7.5 cm and 2.5 cm,
respectively, are very large compared to the track lengths
usually measured, there are correspondingly few escapes in
these directions. However, account must be taken of the
thickness, because escape in this direction is usually sig
nificant.

Richards * derived expressions for track escape correc
tion factors for a right, rectangular pyramid oriented along
the direction of the incident neutrons^65, namely

CF = — = 2 * sin a for I sin a a t,
w t

(1)
1 2 t

CF = — = • for I sin a £ t,
w 2 t - 1 sin a

where

w = track non-escape probability,

a = half-angle of the acceptance pyramid (these are
defined as the maximum dip angle accepted in the
analyses),

t = emulsion thickness, and

i = track length^ B>.
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Richards' correction formulae depend solely on the
geometry of the emulsion and are based on the assumption that
recoil proton tracks of a given length are isotropically
distributed within the emulsion. This is true if the emulsion
is exposed to an isotropic source of neutrons. Lehman and
Wayland derived escape correction formulae for the random
sampling technique we use(6). This technique accepts tracks
in any direction, i.e. the acceptance half angle is 90°.
Their formulae are identical to Richards for a = 90°.

For anisotropic exposures, the distribution of recoil
protons of a given track length in the emulsion is not
isotropic but depends upon the spectrum of the neutrons
generating them. The escape correction factors, which depend
upon the distribution of tracks of a given length in the
emulsion, are also spectrum dependent. We have used our
Monte Carlo program PROTEIN (described later) to calculate
escape correction factors for various spectra of interest;
these factors are more suitable than those obtained with
Richards' formulae.

The escape correction factor is calculated from

CF(E,9) - Ptot^8>^ (2)
Pend<E'9>

where

E = energy of recoil proton,

0.= maximum acceptable dip angle, 20° in most
cases,

CF(E,9) = escape correction factor,

ptot(E'Q) = total number of protons of energy E, within the
dip angle 9, that are generated in the emulsion,
and

pend(E'0) = number of protons of energy E, within the dip
angle 9, that end within the emulsion.
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Accurate determinations of CF(E,9) depend on accurate
values of Ptot (E, Q) and Penay(E,0); this means that large
numbers of protons must be generated in the emulsion
requiring even larger numbers of neutrons. This is illustrated
by examining the efficiency values for the production of
protons in G-5 emulsions. Table 2 summarizes such values for
various monoenergetic neutrons as calculated using PROTEIN.

A great amount of computer time is needed and the approach
is impractical for very "hard" spectra. However, one can
force each neutron to generate a proton in the emulsion by
substituting a reaction probability spectrum RPS(E) for the
neutron spectrum N(E) and setting the probability of inter
action within the emulsion to one. This is valid, if the
interaction probability is the same at every point in the
emulsion.

We tested this assumption using a Monte Carlo technique
to generate n, p reactions along the 7.5 centimeter emulsion
axis for monoenergetic neutrons between 0.1 and 25 MeV.
Above 0.7 MeV, the number of interactions per centimeter was
constant for each energy within the statistics of the tests.
At low energies there are relatively more interactions at
the front edge than the back. Table 3 summarizes data for
0.1 and 0.7 MeV. We concluded that, for neutron energies of
interest, the reaction rates are constant throughout the
emulsion.

Neglecting neutron interactions with non-hydrogen nuclei,
the reaction probability spectrum RPS(E) is related to the
neutron spectrum N(E) ,and the n-p cross section a(E) by,

where

RPS(E) = N(E) • (1 - e-Y'°W'X), (3)

X = the amount of emulsion to be traversed (7.5 cm
for an edge normal exposure), and

y = the hydrogen density in the emulsion.
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Correction factors for some test cases are discussed
later in the Results Section and compared with those obtained
using Richards' formulae.

3. Range Energy Relations

The proton range is calculated from the measured track
coordinates using

R= [C^tXi - Xa)8 + Cva(Yx - Ya)8 + CZ8(ZX - Za)*]*, (4)

where

C = j for the x, y, z directions,

t = emulsion dimension before development,

& = emulsion dimension after development,

X1, Yx, Zj = the coordinates of the first endpoint of the
track, and

Xfl, Y8, Z8 = the coordinates of the second endpoint.

Though we routinely employ corrections for the three directions,
the thickness correction Cz is the most important.

In our previous report* x) we fit the range energy dat^a
below about 14 MeV with equations of the form,

where

E = a/bR + c - d, (5)

E = proton energy,

R = proton range, and

a, b, c, d are constants.
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Above 14 MeV we used the formula,

E = 0.251 rO-581 ^

derived by Bradner et al.(7> as reported by Bogaart and
Vigneron(a). A more accurate fit of the range energy data
is obtained with a set of equations of the same general form,

E = aRb, (7)

where

E = proton energy,

R = proton range, and

a and b are constants.

The values for a and b at various energies are shown in
Table 4. Inversions of Equation (7) were used to calculate
the proton ranges in our Monte Carlo calculations.

4. Gross Scanner Errors

Our experience indicates the need to assure that each
scanners' data from the same emulsion is a representative
sample and to detect any bias in the data collected even by
experienced scanners. The adequacy of scanners' data is
affected by the neutron fluence to which the emulsion is

exposed, the neutron spectral shape, the associated charged
particle and gamma-ray exposure, and the treatment and
development of the emulsion. We try to overcome these
problems by bracketing our exposures around an estimated
"ideal" exposure of 107 n/cm8, making duplicate exposures,
using fresh emulsion whenever possible, and exercising
great care with our developing procedures. Despite these,
precautions, it is often necessary to retrieve data from
emulsions which have a poor "signal-to-noise" ratio.
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A low "signal-to-noise" ratio makes it difficult for a
scanner to distinguish short tracks (5-10 microns) from the
background. The result may be a bias in favor of longer
tracks or, conversely, a confusion of background grains and
short tracks.

To guard against scanner bias, we test each new scanner
with an emulsion exposed to known neutron spectra with good
signal-to-noise ratios, e.g. the HASL 10-Ci 839Pu-Be source.
The neutron spectrum is calculated from the proton data and
compared with the known spectrum of the source.

For emulsion data from unknown spectra, the track data
from several scanners are compared statistically to the
aggregate or sum spectrum. As it is not convenient for each

scanner to record exactly the same number of tracks, his raw
spectrum IP.^ (E) and the raw sum spectrum IPT(E) are normalized
to 10,000 tracks.' Because scanning for recoil protons below
0.7 MeV was found to be unreliable, only the data above this
energy are compared. The individual and aggregate or sum
normalization factors are given by,

Emax

N± =10,000/ £ IPi(E), (8)
E=0.7

where Emax is the energy limit above which no tracks are re
corded. IP^(E) is the number of events in the energy interval

/ AE ae\

\E - 2~> E + 2/* For the ^gregate normalization, IPT(E) is

N

IPT(E) = £ IP±(E),
i=l

where N is the number of scanners.

Thus, the normalized spectra are given by
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PN±(E) = N± IPi(E),
(9)

PNT(E) = NT IPT(E).

Assuming our statistics to be Poissonian, the standard devia
tion for a scanner's normalized spectrum is

a±(E) = Ni/IPi(E) , (10)

and for the normalized sum spectrum is

0T(E) = NT/IPT(E) . (11)

The number of standard deviations CnSD^(E)] between an
individual's data and the sum data is

NSDi(E) - PNi(E) -PNT<E> , (12,
0(E)

where the total deviation c(E) = */oTa (E) + o^9 (E) .

A scanner's data is accepted if his value of PN^E) falls
within two standard deviations of the sum spectrum PN<p(E).
This comparison is valid for cases where the scanners have
recorded nearly the same number of tracks above 0.7 MeV. For
example, if one scanner has measured 5,000 tracks and two
others have measured 1,250 each, then the normalization
factor NT(E) will be weighted heavily by the first scanner,
and the statistical comparison will not be a sensitive test
of his data. At the higher energies, there may be few tracks
in each energy bin and the recoil proton spectrum may be
statistically poor in this region. A bin by bin comparison
of the data under these circumstances is not reliable and
consequently, we prefer to base our comparisons on the bins
having the greatest number of tracks.
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5. Packing of Track Coordinate Data

Collecting about 10,000 cards for each emulsion soon
leads to a handling and storage problem. A computer code was
devised to reduce the number of data cards to about one-ninth.

Twelve pieces of data are recorded for each proton track,
namely the emulsion and scanner identification numbers, a
code to identify the last data card for an emulsion, the
emulsion dimensions at the time of the measurement, and the
track coordinates relating to an arbitrary origin.

To analyze the proton data, we need only the projected
track lengths along each axis and the scanner identification.
These are the data we retain in the packed form.

On our IBM-360/30 each integer variable used for data
is represented by a full word, containing four bytes, each
of which corresponds to a column on the standard 80 column
data card. Data can also be expressed as a half word or two
bytes. To retain four items of data, namely the three compo
nents of the track length and the scanner identification, we
express these data in integer half word form and the data
for a single track can be punched in eight columns of a data
card. This enables us to store the data for nine tracks on

a single card, leaving eight columns for the emulsion ident
ification number and for numbering the packed data cards.
The maximum value a half word integer can have is 216-1 or
65, 535.

For a 2.5 cm by 7.5 cm emulsion, the longest a track
component can be is 7.62 cms or 762,000 microns. This
number is larger than 21S-1 and cannot be expressed as a
half word integer. However, the logarithm of the number,
13.5278, multiplied by 103, can be used to preserve three
place decimal accuracy. That is, the integer 13528 is less
than 218-1 and can be expressed as a half word.

Packing the data in this fashion not only reduces the
number of data cards to be stored and handled by a factor of
nine, but halves the computer time necessary to analyze a
set of data.
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DATA ANALYSIS AND ERROR PROPAGATION

1. Program SARDINE

a. General Description - SARDINE, our computer program
for the Spectral Analyses of Recoil Data in Nuclear Emulsions
is used to form a recoil proton spectrum from each scanner's
track coordinate data and compares them with the sum spectrum.
SARDINE analyzes either original or packed data cards.

For an edge-normal exposure, a neutron spectrum is pro
duced having the energy scale in either linear or logarithmic
intervals. For an isotropic exposure, HERMES is used to
unfold the neutron spectrum from the sum proton spectrum
produced by SARDINE. In both cases, estimates of the error
in the neutron flux as a function of the energy are made.

b- Edge-Normal Exposure - Edge-normal exposure are
useful for measuring source spectra because the energy
resolution is better than that for unfolded spectra. The
direction of the incident neutrons must be known as in the
case of a point, or well collimated source. The neutron
energy is determined from the recoil proton energy using
En 01*8 = Ep, where 9, the angle between the recoil proton
and the incident neutron, is calculated from the coordinates
of the recoil proton track. For slight departures from a
point-source geometry, or when the incident neutron direction
is less well known, one can use average angular values QbQ
and Qjg89 and proceed as follows

Rp Q»9 = Rx (13)

where

Rp = recoil proton range,

Rx = projected recoil proton range along the direction
of the incident neutron, and

Q»Q = average cosine for an acceptance pyramid with
half angles A and B; 0*6 = N/4 (Tan A) (Tan B) .
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We use A = B = 20°. The value for N was obtained from an
expression by Allred and Armstrong*9>. Table 5 lists values
of Sfi for various angles A and B; the values for 10° and 20°
agree well with the corresponding two values computed earlier
by Allred and Armstrong*§>.

The recoil proton energy Ep is obtained from Rp using
the range-energy relationships, and the neutron energy En
from

En S3! = Ep . (14)

Each track is then placed in the appropriate energy bin
and the neutron spectrum is obtained from

N

where

( ,-_»».> •CP(Ep) (is)
y a (E ,e )' n-p v n' p'

N(En) = neutron spectrum,

P(En) = number of recoil protons per unit energy
measured in the emulsion,

CF(Ep) = correction factor for protons that escape
the emulsion, and

°n-p(En*Ep) - the differential energy cross section for
n-p scattering in the forward direction.

Although the recoil proton tracks are grouped according to
En = Ep/Qa89j the escape correction factors are a function of
track length and therefore En.

Since we select only those proton tracks in a 10 or 20°
acceptance half angle, we use the n-p scattering cross
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section for the forward direction. We have fit the experi
mental cross-section data reported in BNL-400 using Gammel's
formulation below 65 MeV, a corrected version of Gammel's
formulation between 65 and 300 MeV and a polynomial fit above
300 MeV*10«11}. Above 550 MeV, the cross sections are assumed
to be constant. Figure 1 is a comparison of our fit and the
available data.

When measuring very energetic spectra, i.e. Emax > 25
MeV, two further corrections to the recoil proton data should
be considered. The first is a correction for recoil protons
that undergo non-elastic collisions with non-hydrogen nuclei
in the emulsion. The percentage of such collisions is given
by

PER(Ep) =100 [l -(EXP JPli^El dEp)_1] (16)

where

o ~*-p<

S(Ep) = the stopping power interpolated from tables
in Reference 12, and

cr(Ep) = the non-elastic cross section for protons from
Reference 13.

For convenience, we use a polynomial fit of PER(Ep). Values
from the fit are compared in Table 6 with those from Equation
(16). The correction factor CP(Ep) is related to PER(Ep) by

, . 100
CP(Ep) = (17)

100-PER (Ep)

"As can be seen from Table 6 this correction increases to only
1% at 25 MeV and becomes significant only above about 50 MeV.

The second correction accounts for proton generation
from neutron interactions with the non-hydrogen nuclei of the
emulsion. Using the cross section data of Reference 13, a
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proton spectrum corresponding to the neutron spectrum calcu
lated from Equation (15) and corrected by Equation (17) is
calculated and compared to the measured distribution. The
neutron and proton spectra are then recomputed iteratively
until convergence is obtained.

We recently attempted to measure neutron yields as a
function of energy and angle from targets bombarded with
multi-GeV protons. It was for this experiment that these
two corrections were derived.

Overall errors in the resultant neutron spectrum are
estimated assuming Poisson statistics and the approximation,

upper limit = N(E) • [P(E) + 0.9 + ^p(e) + 0.9]/P(E), and

lower limit = N(E) • [P(E) + 0.01- /P(E) - 0.31]/P(E), (18)

for 68% confidence limits.

For each neutron spectrum, the specific doses in rads/
(n/cm8) are computed from the first collision dose data of
Davis*l4> and N.B.S. Handbook 75*15> and from the maximum
specific dose data of Irving et al.*la>. Auxier et al.*l7>
and Ritts et al.*is> have shown that the total tissue KERMA
factors for 4- and 11-element tissue approximate those for
the first collision dose fairly well in the emulsion energy
range.

c. Isotropic Exposure - For an isotropic exposure a
recoil proton spectrum is formed from tracks measured over
all angles. Each track is corrected for its escape prob
ability using Richards' correction factors*5>. The recoil
proton spectrum is then used as input to HERMES, our
iterative unfolding program.

2. Program HERMES

a* Spectral Unfolding - For an isotropic exposure the
neutron spectrum is related to the recoil proton spectrum by
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the integral equation

'" yan,p(WN(En>dEn <19>P(Ep) =

where

P(Ep) = the recoil proton spectrum, corrected for
escape, per cm3 of emulsion per MeV,

y = the hydrogen atom density of emulsion,

ffn,p(En*Ep) = the differential energy cross section for n-p
scattering, and

N(En) = the neutron spectrum per cm8 per MeV.

The above equation is approximated by the matrix product

P - £N, (20)

which is solved for N using the iterative technique of
Scofield and Gold* 19 ). After each iteration for N, N^),,
where ll is the number of the iteration, is smoothed by
Simpson's rule,

Ni(^ = (1/6) (Ni.1 (^ +4 N.j>> + Ni+l(M-)). (21)

This permits one to deal with nonoscillatory solutions to
the matrix equation.

Experience has shown that convergence is usually
achieved within 500 iterations. We, therefore, routinely
perform 500 iterations and calculate p(500) from N(500) for
comparison with the input spectrum P(Ep). A "distance" is
calculated from
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E
p max

D = V V(P(E ) - p*6°°>)a (22)
F ."p min

and used as a measure of convergence. If the value of the
distance D is less than 2% of the sum of the recoil proton
spectrum P(E) the convergence is considered acceptable.

HERMES produces a neutron spectrum with 60 logarithmic
energy bins between the minimum and maximum energies of the
recoil proton spectrum which has up to 200 linear energy
bins. First collision and maximum specific doses are
obtained for the neutron spectrum in the manner previously
indicated.

b. Error Propagation - Following the propagation of
errors through the iterative and smoothing routines used to
infer the neutron spectrum is extremely difficult and
impractical. We use a procedure to estimate the effect of
experimental errors on the determination of the neutron

spectrum from the recoil proton energy distribution, which
is based on work by Evans*80*.

The procedure consists in perturbing each channel of
the original proton spectrum in a random manner, based on
the assumption that the statistical error of each channel

has a normal distribution about the measured value. The
perturbed data are then unfolded, along with the measured
spectrum and four neutron spectra are obtained. The range
between the four values obtained at each energy point can be
taken to be an estimate of the standard error. Assuming
x = mean or measured value, a = standard deviation, and

x = perturbed value, then p(x) is the relative frequency with
which observations will fall below a specified value x and
is the area under the distribution curve from -» to the
specified value

V2TT -~

-\ s

p(x) = —: J dx; 0 < p(x) £ 1 (23)
I *\M^ ** __ Aft .*•
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In our procedure, p(x) is randomly generated, and Equation
(23) is approximated by a formula due to Hastings*ai>
which allows the solution of the integral equation for x.

MONTE CARLO GENERATION OF A SET OF STANDARD

TEST DATA, COMPUTER PROGRAM PROTEIN

1. General Description

Our computer programs SARDINE and HERMES were tested
using data having no scanner or other experimental errors.
Using a Monte Carlo technique, pseudo-recoil-proton tracks
in the standard emulsion were generated for both edge-normal
and isotropic exposures to a known neutron spectrum. The
coordinates of the recoil proton tracks were recorded on data
cards and resemble closely the data from a real emulsion
analysis.

The data were unfolded and the neutron spectrum compared
to the original test spectrum. Since shrinkage varies from
emulsion to emulsion and the correction is simple, it was
ignored in these tests and the emulsion was assumed to have
the same dimensions after development as during exposure,
namely 7.5 cm by 2.5 cm by 600 microns thick, and a hydrogen
density* of 3.645 x 1088 atom/cm3. These values are nominal
for the Ilford G-5 emulsions with extra plasticiser, that we
routinely use.

In the Monte Carlo techniques we use a pseudo random
variable that has an equal probability of having any value
between zero and one. Routines for assigning values to such
a variable are available for most computers. In the following
sections we designate this random number by the letter Q.

2. The Neutron Source

First, a mathematical model of the selected neutron
spectrum is formed and neutrons are generated at random
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energies. Our test spectrum was that for a a39Pu-Be source
measured by Anderson* 8>.

The probability that a neutron will have an energy En
is given by

where

P =

r nJ N(E)de
amin

fEmax , %
J N(E)de

min

(24)

N(E) = the neutron spectrum,

Emin = the minimum energy of the neutron spectrum, and

Emax = the maximum energy of the neutron spectrum.

The random number generator enables us to select a value
for P = Q, between zero and one. The integral equation can
then be solved for En numerically.

3. Edge-Normal Exposure

A coordinate system is set up with its origin at one
corner of the emulsion and the X axis parallel to its length
(7.5 cm), the Y axis parallel to its width (2.5 cm), and
the Z axis parallel to its thickness (600 microns) . For an
edge-normal exposure the neutrons are incident on the Y, Z
plane and are parallel to the X axis. The neutron enters the
emulsion at any point on the Y, Z surface so that the co
ordinates of its entry point, in units of microns, are 0,
25,000 Q, 600 Q.

The probability P that a neutron will interact within
a distance D is given by

-YaD
P = 1 - e (25)
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where

y = hydrogen density of the emulsion, and

a = differential energy scattering cross section for
hydrogen.

The integral equation of the random number Q is

.D

LQ = J. (26)

j:

1 - e"YO d

-yo
1 - e d

which yields D =-lnQ/yo.

If D i 75,000 microns, an interaction has occurred at
a point in the emulsion with the coordinates Pxx = D,
Pyi = Y, Pzx = Z.

For neutron energies less than about 15 MeV, the protons
are generated isotropically in the center of mass system and
the energy of the proton is obtained from

Ep = Q En- (27)

The range Rp of a proton of energy Ep is obtained from the
range-energy relationships previously discussed. 9 can be
obtained from 9 = arcfta (/Ep/En). This is the angle the
proton makes with the direction of the incident neutron

(which is parallel to the X axis) and is given by Rx = Rp Qs0.

The angle the track makes in the Y-Z plane has a constant
probability between 0 and 2TT, so that the angle called cp
equals 2ttQ. Then the projections on the Y and Z axes are
given by
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Ry = \/Rp2 - Rx8 sin<p, and

„__ (28)
Rz = A/Rp8 - Rx2 Qbcp ,

and the coordinates of the endpoint of the proton track are

px,
"

px, + Rx,

pv, = pv, + Ry,

pz.
=

X + Rz*

(29)

If

0<PX, i 75,000,

0 < PY £ 25,000, (30)

0 < Pz £ 600,

the track is completely contained within the emulsion and
its coordinates are punched. Another neutron is selected
and the process repeated.

If the neutron does not interact within the emulsion or
if the recoil proton escapes through one of the emulsion
surfaces no coordinates are punched and a new neutron is
selected. This procedure is repeated until the desired
number of valid recoil proton tracks have been generated.

4. Isotropic Exposure

The geometric considerations for an isotropic exposure
are more complex than for an edge normal exposure. The
ne.utron can enter through any of six surfaces of the 7.5 cm
by 2.5 cm by 600 Ltm emulsion. The probability of it entering
through any surface is proportional to the area of that
surface.
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A track making an angle cp with an emulsion surface sees
a projection of that surface having an area X = A (top, where
Cbrp can have any value between zero and one with equal prob
ability. The random number generator selects the (tap = Q.
This method of selecting the surface through which the neutron
enters and the angle it makes with the incident neutron
direction is a valid representation of an isotropic exposure.

A coordinate system is chosen so that the origin is at
one corner of the emulsion and the Z axis is perpendicular
to the surface of entry. Then the coordinates of the entry
point of the neutron are given by

Px = Q Lx,

Py = Q Ly, and

Pz = 0 if 0«p is positive or (31)

Pz = Lz if (tap is negative,

where Lx, and Ly and Lz are the emulsion dimensions along the
X, Y, and Z axis respectively.

The neutron will travel a distance D before interacting
with a hydrogen atom to give us a recoil proton, where

D = - in Q/ya, (32)

where

y = hydrogen atoms/cm3, and

a = np scattering cross section.

The Z projection of this'distance is
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Dz = D Oft). (33)

The neutron also forms an angle u> in the X - Y plane with
the Y axis so that (U = Q2rr, and the X and Y projections of
the distance travelled are given by

Dx = >/Da - DZ* sinu) (34)

Dy = JD* - Dz* Qiu)

The coordinates of the point of interaction, then, are
XX = PX + DX, ly = Py + Dy, 3nd I2 = PZ + DZ. If
0 z Ix £ Lx, 0 < Iy i Ly, and 0 * Iz i Lz, then the neutron
has generated a recoil proton within the emulsion and we
can continue. If the interaction does not occur in the
emulsion we choose another neutron and start over.

If the neutron interacts within the emulsion, the axis
system is translated and rotated so that the origin is at
the point of interaction and the Z' axis parallel to the di
rection of the neutron. The relationship between the old and
new coordinate systems is given by

PX = Ix + PX' Qaqp Qaui + PZ' sin«p Qjuu + PY' sinu)

PY = Iy + PY' Qaju - PX' ftecp sinou - PZ' sincp sintu, (35)

PZ = Iz + PZ' Gbicp - PX' sin<p.

These expressions are useful to convert the coordinates of
the end point of the recoil proton track EX', EY' and EZ'
in the new system to the original system. The recoil proton
energy is obtained from the neutron energy using Ep = Q En
and 9 = arcfts /Ep/En. The range is obtained from the range
energy relationships and the end point coordinates are
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EZ' = r G»e,

EX' = Vr8 - EZ'8 sin<p, and (36)

EY' = VR8 - EZTg

where cp = 2nQ. Transforming EX', EY' and EZ' to the original
coordinate system we obtain the coordinates, EX, EY, EZ of
the end point of the recoil proton track. Then if 0 s Ex s: L„
0 £ Ey £ Ly, and 0 * Ez £ Lz as before, the track is contained
completely in the emulsion and its coordinates IX, IY, IZ and
EX, EY and EZ are punched; otherwise it is rejected. A new
neutron is selected and the process repeated until the desired
number of tracks have been punched. Each tack is randomly
assigned to one of seven pseudo-scanners.

<Xi

TEST RESULTS

1- Escape Correction Factors for Edge-Normal Exposures

Using the Monte Carlo technique, we calculated the escape
correction factors for edge-normal exposures to three source
spectra, 839Pu-Be, 14 MeV monoenergetic, and the secondary
neutron spectrum per steradian resulting from the bombardment
of an aluminum target by 2 GeV protons. For the S39Pu-Be
spectrum we used the data of Anderson* 8>, for the 14 MeV
spectrum we used the spectrum calculated by Straker for a
range of 40.08 meters from a D-T generator*38), and for the
secondary neutron spectrum we used the calculated spectrum
of Alsmiller*ll). Reaction probability spectra were derived
and PROTEIN was adapted so that each neutron interacted
somewhere in the emulsion. Large samples of the proton
spectrum were taken and the correction factors for a 20°

acceptance cone calculated. Our results are compared with
those obtained using Richards' formulation in Figures 2, 3
and 4.

It can be seen from Figures 2 and 3 that the Monte Carlo
escape correction factors agree with Richards reasonably well
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to about 90% of the maximum neutron energy of the spectrum;
here the values decrease to one at the maximum energy. Since
Ep = En Qb 9, when Ep approaches En, then Q»8Q approaches 1
and 9 approaches 0°, the proton whose energy approximates
that of the maximum neutron energy will proceed in the
direction of the neutron. For an edge normal exposure this
direction is along the length of the emulsion, which can be
considered infinite at these energies, 10 - 15 MeV, and no
escape would occur.

For harder spectra, the Monte Carlo results in Figure 4
are substantially below Richards between 20 and 60 MeV, but
return to Richards' values between 65 and 100 MeV, the maximum
proton energy considered. At these energies the proton range
is large (a few cm) and the length of the emulsion can no
longer be considered infinite, but will contribute substantially
to the proton escape probability.

Table 7 shows the ratios of the Monte Carlo calculated
correction factors to the results obtained using Richards'
formulae. For the two low energy (< 15 MeV) spectra the
difference is less than 5% except near the maximum energy of
the spectra where the difference approaches 20%. We have,
therefore, concluded that any error in using Richards'
formulae is within our measurement errors for these type of
spectra. However, for the secondary neutron spectrum from
2 GeV protons on aluminum the difference is as large as 30 -
45% in the energy range 20 - 60 MeV and cannot be ignored.
Therefore, for spectra with energies greater than 15 - 20 MeV,
we rely on our Monte Carlo program to calculate track escape
correction factors.

We have exposed emulsions, isotropically, edge normally
and face normally to a 239PuBe source. We used Richards'
formulae for the isotropic and edge-normal escape correction
factors and Monte Carlo results for the face-normal exposure
of a 600 micron emulsion. Figure 5 is a comparison of these
results with Richargs' formulae. As the escape correction
factors get very large, above about 6 MeV, we do not expect
to obtain a good spectrum from the face-normal data.

- 26 -



2. Microscope Accuracy

To test the ability of our computer programs to properly
analyze the coordinate data obtained from our microscope
measurements, our Monte Carlo program PROTEIN was used to

generate test coordinate data. Using the 839Pu-Be spectrum
reported by Anderson from stilbene measurement as our neutron

source model, 20,000 sets of coordinate data were generated
for both an edge-normal and an isotropic exposure.

Recoil proton spectra were obtained for 0.1 MeV intervals
and 90° acceptance half angles from the coordinate data and
directly from the recoil proton energies calculated by PROTEIN.
A comparison of the spectra shows that about 1.75% or 350
tracks have been shifted from one bin to another. These

shifts occur randomly and are due to truncation of the co
ordinate data to plus or minus one micron, a value which
corresponds to the accuracy of our microscope stage. Increasing
the accuracy of the readout to 0.1 microns and repeating the
calculation reduces to 0.35% the number of tracks that are
shifted to another bin.

3. Accuracy of Packing Routine

To test PACK, the coordinate data from the Monte Carlo

calculations were packed and then analyzed to yield proton
spectra (AE =0.1 MeV, acceptance half angle = 90°). The
spectrum obtained was compared with the one obtained directly
from the coordinate data and the number of tracks shifted was
about 65 or 0.33% which is small when compared to other errors
(e.g., 1.75% for the ± one micron accuracy of the microscope).

4. Neutron Spectrum from Edge Normal Data

The 20,000 coordinate cards generated by PROTEIN were
packed and these data analyzed using the exact cosines
version of SARDINE and a 20° acceptance half angle. The
neutron spectrum obtained is shown in Figure 6 along with the
input spectrum. The agreement is good and differences can be
attributed to errors due to the measurement accuracy of plus
or minus one micron. Figure 7 shows the results of an actual
measurement of the spectrum of the HASL 10 Ci 83BPu-Be
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neutron source. The agreement with Anderson's measurement
is good and the only peak we do not resolve is the one at
9.75 MeV where the statistics of our measurements are very
poor. Table 8 lists the values for first collision and

maximum specific dose obtained from the spectra. The agree
ment is good.

Figure 8 shows the results obtained from the measurement
of the neutron spectrum at a slant range of 11 meters from
the D-T neutron source during Operation HENRE. Also shown
is the spectrum calculated by Straker for a slant range of
40.08 meters. While close agreement is not expected because
of the difference in slant range it can be seen that the
spectra have the same general shape. The statistics of our
measurement, particularly between 4 and 12 MeV are not good
and there is some point scatter. However, we do resolve the
major peak of the D-T spectrum between 14 and 15 MeV.

5. Neutron Spectrum from Isotropic Exposure

The coordinate cards generated by PROTEIN for an isotropic
exposure were analyzed by SARDINE and HERMES. Figure 9 compares
the envelope of the resulting neutron spectrum with Anderson's
measurement*85. Agreement below 4.0 MeV is good but, above
that energy, our method of analysis cannot resolve the peaks
and we get a smooth curve through them. This is due, we feel,
to the smoothing performed upon the neutron spectrum after
each iteration in our unfolding program HERMES. The integral
quantities, i.e., specific dose, are not seriously affected
by this smoothing and agreement with other values is good,
as can be seen from Table 8.

Figure 10 compares the results obtained by HERMES from
a measurement alongside the BNL Cosmotron with the theoretical
results of O'Brien*24 >. The agreement is very good, and the
smoothing performed on the spectrum is, in fact, helpful as
the spectrum being measured is smooth.
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CONCLUSIONS

The edge-normal method of analyses gives good results
for discrete source spectra with a maximum energy below 15
MeV. The experimental conditions must be controllable and
the direction of the neutrons well known. The limit of the

microscope stage accuracy, within one micron, limits the
accuracy of the results obtained. However, when measuring
spectra where it is desirable to separate peaks, this is the
best means of doing it with nuclear emulsions.

The use of HERMES to unfold spectra from isotropically-
exposed emulsions produces lower resolution spectra than
those obtained from an edge-normal exposure. Where spectra
are expected to be smooth, as for leakage spectra
through accelerator shields, good agreement with theory is
obtained.

The specific dose values for either method of analyses
agree with one another and with actual values fairly well.
For dosimetric purposes either method of analysis gives
adequate results.

The use of Richards' escape correction factor for isotropic
data is valid and the error in using it for edge normal cases
below 15 MeV is not sufficient to warrant a Monte Carlo cal
culation of correction factors for each class of spectra.
However, for harder spectra the error can become significant
and must be considered when analyzing the data.

The use of PACK to condense the number of data cards to
be handled and stored, also reduces the computer time required
to analyze the set of data, and does not change the results.

The computer programs written over the past several years,
and the experience gained in Operation HENRE and other experi
ments, provides us with the capability of analyzing nuclear
emulsion data to obtain neutron spectra for both edge normal
and isotropic exposure conditions and to adequately represent
the statistical errors.
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APPENDIX 1

AN AUTOMATIC -PROCESSING* SYSTEM

An automatic processing system for thick nuclear track
emulsions was designed and fabricated by the HASL Instrumenta
tion Division. It is capable of processing up to 40, 2" X 3"
emulsions at one time using the isothermal processing method* l»*>.
We will first describe the components and operation of the
system and then a typical processing cycle.

1. Components and Operation

a. The Control Panel - The process controller enables
one to select the times for each processing step and to start
or stop the processing cycle at any point. Four diode plug
boards allow the operator to select the time for each processing
step over the range of 1 minute to 9999 minutes. Step No. 1
is the developer; No. 2, the stop bath; Nos. 3 and 4, the fix;
Nos. 5 and 6, the 50% and 25% fix baths; Nos. 7 and 8, the 6%
and 0% fix baths; Nos. 9 - 14, wash; No. 15, 50% alcohol; Nos.
16 and 17, 75% and 100% alcohol. Function and elapsed time
lights indicate the step the process is in and how much time
has elapsed since the start of that step. Along the bottom
are the control switches. Switches and buttons permit the
operator to program the system, place it into normal operation,
reset time, and to advance to whatever step is desired before
the program is started. The program start button is used to
start the system and the program interrupt switch is used to
stop the program upon completion of the step it is performing.

b. Processing Tank - The processing tank is a 2£ gallon
stainless steel tank immersed in an ethylene glycol bath to
keep the temperature of the chemicals at 5 ± £°C during
processing. The ethylene glycol is cooled and circulated by
a Dunkan Bush compressor. It is equipped with two stirrers
to agitate the solutions and a recording thermometer to check
on the temperature. Below the tank in the ethylene glycol
bath a pre-cooler is located which lowers the temperature of
the chemicals from ambient to 5°C as they are pumped into the
processing tank. The developing racks are made of plastic
and have $" mesh nylon screen shelves to hold the emulsions.
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c. Storage Tanks - Six, five gallon plastic storage
tanks hold the necessary chemicals for a development and a
still with a 25 gallon storage tank supplies the distilled
water. The flow of chemicals is through stainless steel
tubing and is controlled by solenoid valves with nylon bodies
to resist corrosion.

To develop a batch of emulsion the following procedure
is followed. Choosing one of the wash steps (No. 9-14) and
setting it for a long time (~1,000 min) the tank is filled
with distilled water and the compressor is turned on. It
takes about one hour to cool the system to 5°C. When the
water has reached 5°C and is holding this temperature (the
temperature can be adjusted by a control on the compressor)
the emulsions are unwrapped and placed on processing racks.
At this time the thickness of each emulsion is measured with

a micrometer and their lengths and widths traced on paper for
later measurement with a ruler.

The wash step time is now set for the elapsed time plus
forty five minutes and the program interrupt switch is placed
in the on position. The emulsions are placed in the water
and this step is used as the presoak. About 5 minutes before
the end of the presoak the amidol is added to the developer
in tank No. 1. On completion of the presoak the controller
is reset to function No. 1 and the correct time for each
processing step is selected. The program interrupt switch
is turned off and the processor is started. The processor
will now automatically develop, stop, fix, wash, and soak the
emulsions in alcohol up to 100% concentration.

At the end of the last step the emulsions are removed from
the tank and allowed to dry on the processing racks for at least
24 hours. They are then "squeegeed" onto glass slides and
are ready to scan. The operator need only be present to
start the presoak and development steps and to remove the
processing racks after the alcohol baths. For the rest of
the processing no attendance is required. If the tank fails
to drain or fill properly at the beginning and end of each
step an alarm is sounded and the operator, if he cannot fix
the trouble, can remove the emulsions from the processing
tank and manually complete the processing in a refrigerator.
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TABLE 1

PROCESSING TIMES FOR 600 MICRON THICK PELLICLES

Normal Normal 4X Gel 4X Gel

Step G-5 K-2 G-5 K-2

Presoak 45 min 45 min 45 min 45 min

Developer* 1.5 hrs 4.5 hrs 4.5 hrs 13.5 hrs

Stop 45 min 45 min 45 min 45 min

Fix** 24 hrs 24 hrs 24 hrs 24 hrs

50% Fix 30 min 30 min 30 min 30 min

25% Fix 30 min 30 min 30 min 3 0 min

6% Fix 45 min 45 min 45 min 45 min

0% Fix 45 min 45 min 45 min 45 min

Washt 1.5 hrs 1.5 hrs 1.5 hrs 1.5 hrs

50% ETOH* 1.0 hr 1.0 hr 1.0 hr 1.0 hr

75% ETOH* 1.0 hr 1.0 hr 1.0 hr 1.0 hr

100% ETOH* 1.0 hr 1.0 hr 1.0 hr 1.0 hr

Dry 24 hrs 24 hrs 24 hrs 24 hrs

*As Amidol oxidizes very rapidly the developing solution is
changed every 1.5 hrs and replaced with freshly mixed devel
oper.

**When developing a large number of pellicles (more than 12,
1" X 3" x 600) at one time in our 1 gallon tank, the fix
solution is replenished or changed after several hours to
avoid saturation and incomplete fixing, which leaves the
pellicles fogged.

tWash water is changed frequently, approximately every 15
minutes.

♦The alcohol solutions are composed of:

50% ETOH - 30% ETOH, 20% glycerin and 50% Ha0
75% ETOH - 55% ETOH, 20% glycerin and 25% H80
100% ETOH - 80% ETOH, 20% glycerin and 0% Ha0
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TABLE 2

EMULSION DETECTION EFFICIENCIES

En (MeV)

0. 1

0.,5

1. 0

5.,0

10. 0

25.,0
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Efficiency (%)

24.0

13.0

9.0

3.5

2.0

0.7



TABLE 3

REACTION RATE PER CENTIMETER OF EMULSION FOR

EDGE NORMAL INCIDENT MONOENERGETIC NEUTRONS

Distance

into Number of Interactions

Emu]Lsion

:m)
per cm*

(c En = 0.1 MeV En =0.7 MeV

0.,25 1110 1010

0.,75 1148 107 9

1.,25 1068 1055

1.,75 1081 1027

2.,25 1108 1059

2.,75 1014 977

3.,25 1007 1003

3.,75 983 97 9

4.,25 943 1030

4. 75 954 953

5. 25 962 1027

5. 75 947 957

6. 25 934 943

6. 75 889 925

7. 25 852 97 6

♦Average number of interactions per cm is 1000±33
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TABLE 4

COEFFICIENTS FOR
RANGE ENERGY RELATION

(E = a • Rb)

E R

MeV Microns a b

0<Es0.3 0<Rs;2.9 0. 120967746 0. 853056788

0.3<ES0.7 2.9<R*8.7 0. 131572008 0. 774134040

0.7<ES1.4 8.7<RS23.5 0. 154785699 0.,697556615

1.4<E*2.6 23.5<Rs:60.0 0. 174039960 0.,660418928

2.6<ES5.0 60<R*173.0 0. 207453668 0. 617524981

5.0<ES10.0 173<RS564.1 0. 243484855 0. 586443252

10.0<E*15.0 564.KRS1136 0. 254917 681 0. 579205275

15.0<E 1136<R 0. 264874101 0. 573759377
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TABLE 5

AVERAGE COSINE 9 FOR PYRAMID OF HALF ANGLES A AND B

A/B 5 10 15 20 25 30 35

5 .9974 .9935 .9865 .9760 .9609 .9396 .9090
10 . 9935 ,9895* .9826 .97 21 .957 0 . 9356 .9050
15 .9865 .9826 .9756 .9650 .9498 .9283 .8974
20 .9760 .97 21 .9650 .9543** .9390 .9171 .8857
25 .9609 .9570 .9498 .9390 .9233 .9010 .8689
30 .9396 .9356 .9283 .9171 .9010 .8780 .8446
35 .9090 .9050 .8974 .8857 .8689 .8446 .8089

*Our value for A = B = 10° of 0.9895 agrees with the
Reference 8 value of 0.9893.

**0ur value for A = B = 20° of 0.9543 agrees with the
Reference 8 value of 0.9561.
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TABLE 6

PROTONS UNDERGOING NON--ELASTIC COLLISIONS

%
% % Difference

(MeV) Calculated Fit Fit Calc.

1 0.01 0.05 0.04

5 0.09 0.25 0.16

10 0.28 0.51 0.23

25 1.10 1.60 0.50

50 3.60 3.80 0.20

100 10.00 10.00 <0.01

150 18.00 18.00 <0.01

200 26.00 26.00 <0.01

300 42.00 42.00 <0.01

400 57.00 57.00 <0. 01
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TABLE 8

SPECIFIC DOSE FOR 239Pu-Be NEUTRONS

x 10-9 rads/(n/cm8)
1st Collision Maximum

Monte Carlo simulation of 3.821 5.292
Anderson's Stilbene measurement,
edge normal data

Spectrum obtained from analyses 4.0±0.4 5.6±0.5
of Monte Carlo coordinate data

HASL 10 Ci 839Pu-Be emulsion 4.0±0.5 5.6±0.7
measurement

HERMES results for Monte Carlo 3.91±0.02 5.43±0.02

simulation of Anderson's

Stilbene measurement
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Figure 1. The differential np scattering cross section in
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