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ABSTRACT
Whén stars are produced in nuclear emulsions by} high-energy

neutrons there is a strong dependenc.:e of the average number of.grey A
prongs pe‘r~st‘ar on the incident neutron energy. .This depehdence has
been measured by exposing emulsion stacks to 27-MeV, 105—Mev, and
2>30-MeV'neutrons produced by deuteron stripping, and to 4-GeV neu-
trons prodﬁced by 6.4-G eV protons incident on a copper target. These
results are used to obtain information on the ene rgy distribution of an
unknown neutron spectrum from the measurement of the average num-
ber of grey prongs per star. We assume a parametric representation
_of the neutron spectrum, defined by the maximum e'nergy. and by the

| slope pf the spectrum on a logarithmic scale, and calculate the average
number of grey prongs for a wide range of these parameters. .These
results are expre‘ssved on a .sihgle graph which is used to relate the i‘n_ea—
sured average number of grey prongs to a simple exponential lspectral
shape.- The results obtained for a n@ber of accelerator and cosmic-

. ray spectra are in good agreement with results obtained with thfeshold

détector methods.

DISTMBﬁTION OF THIS DOCUMENT IS UNLIMITED
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1. INTRODUCTION

Nuclear emulsions have been used extensively é.s téols of fast-
neutron spectroscopy. These techniques are mostly based on the stddy
of recoil protons scattered clastically by the incident neutrons. Such
methods, howevef, have a fairly lim.itedl useful energy range, extending
only from about 1 to about 20 MeV. At 1ower‘energies the tracks are
too short to be counted efficiently, and at higher cnergies the length of
the recoil proton t'rack becomes so great that the beginning and the end
of the track seldom occur in the same emulsion plate. In this paper we
discuss the eXte_nsion of the useful energy of nuclear emulsions to rnucH
higher ene.rg'iés through the study of stars prorduced by high-energy neu-
" trons.

A star is a cluster of prongs originating from the same point in
the emulsion. It is caused by an inelastic collls}on betweéen én inc.ideut
nuclcon and a nuclens--such aq G. N. O, Ag, or Br--in the .e:rr;ulslion.
It is gener.ally assumed that both cascade and evép.oration processés
may givé z';is‘c to stars in emulsion. A detai;led disc‘ussion of the star
pruducti‘on processcs is to be found in the repart of an earlier study at
Lawrence Radiation Laboratory by Remy. 1 |

It was also reported by Remy that when stars are produced in nu-
clear emulsions by high-energy neutrons there is a unique relationship
between the in‘cident neutron energy and the ~average‘nurnber of grey |
prongs per star, abbreviated as ANGP in the following. Furthermore,
this relétionship was found to be strongly dependent on the neutron en-
ergy in the range from 20 tov 300 MeV. Measurcments of star produc-.

tion were made by 'R'eirny b)} exposing thick (600 p) nuclear emulsions to
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20-, 100-, 160-, and 220-MeV néutrons from deuteron stripping re-
actions, and 300-MeV neutrons produced by 360;I\/IeV protons incident
on beryllium targets. The interpretation of these results was compli-
cated by la'rge numbers of prongs which did not end in the emulsion, so '
that their range could not be .measuréd. Remy's method of estimating
the greyness was based on grain counting. This is not an absolute meth-
od, being dependent on the development of the emnlsion and aleo on
fading. To overcomc these difficulties we have used stacks of emulsion,

which allows us to define greyness in terms of range, which we mca-

sure by following each track to its end; a grey track is one with range

22 mm. We have re-exposed emulsion stacks to 27-, 105-, and 230-MeV -

neutrons produced by deuteron stripping. We have also extended the en-
ergy range of the star method by exposing emulsion in the forward direc-
tion from a copper target bombarded by 6.2-GeV protons. ’i‘hese mea-
surements are discussed in Section 2.

We also discuss the use of stars in emulsion in high-energy neu-
tron speétroscopy. The unique relatibns'h'ip. obtained between the rnonc‘;;-“
energetic incident neutron energy and the measured ANGP is used to -
compute the ANGP values for a wide rangc of neutron spectra character-
ized by the maximum energy of the neutron spectrum énd its slope on a
logarithmic scale. Thése results, discussed in Section 3, a:rc cxpressed
in a graphical form which uniéuely relates the ANGP and the slope of the
spectrum for a given maximum energy. We use thles'e samne results in
Section 4 to evaluate neutron spectra from ANGP values obtained at.high-
energy accelerators and with cosmic rays. The resuits agree well with

those obtained with threshold detector techniques, as well as with
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preliminary results obtained through a more complicated computation

by Omberg and Patterson. 2

2 | MEASUREMENTS OF STAR PRODUCTION

Sta‘cAks.of emulsion were exposed to neutrons produced by deuteron-
- stripping reactidns‘at the Berkeley 184-inch cyclotron. The mean ener-
gies of the neutrons were 27.5, 105, and 230 MeV. The energy spread
of st‘riI.)ping'neutrons can be computed by using Serbe;"s theory;3 how-
- ever, no correction due to this energy spread is applied here. We also
expose'd'st‘acks of emulsion in the forward airection from a copper tar-
get bombai‘ded by 6.2-GeV protons at the Berkeley Bevatron. The peak
energy of the neutrons produced is taken to be 4 GeV.

Since we use stacks of emulsion rather than a single plate, we can
.base the-cfiteria for a grey prong on proton range. In accordance with
Remy we define a gfey prong as one whose range in emulsion is 2 mm
or more, corresponding to a proton energy of 20 MeV or more. Bﬁr
using a microscope with a large precision stage and fixing 10 individual
pellicles from the stack on a rotating superstage, it was easy for our
scanners to foliow a tréck through several emulsion layers if necessary.
More than 500 stars were analyzed at the lower three energies and about
280 at 4 GeV. |

The results of our measurements are summarized in Table I and
II. The number of érey prongs per star, extrapolated up to 50 GeV, is:
also shown in Fig. 1 together with the results from Remy's work. The
results of this wox;k are similar to those repo‘rted by Remy; however, we
believe that they are more accurate because of an objectively defined

technique for prong selection and better statistics. The extrapolation to



-4. UCRL-19389

higher ¢nergies is in good agreement with results with cosmic-ray
spectra, as discussed in Section 4. The angular distributions given in

Table II show less forward peaking for the higher energy. This is prob-

ably due to the fact that at the lower energy essentially all of the incoming "

neutron's njomentum must be transferred to form a grey track.
3. RELATING NEUTRON SPECTRUM SHAPES
AND MEASURED NUMDBER OF GREY PRONGS
Omberg and_l:’a.ttcrsonZ reported a way to determine the logarith-
mic slope of a neutron spectrum.from. the measured value of ANGP.
We' have incorporated the new measurénlents into similar calculations
a1.1d report the results in a form which enables us to conveniently, with-
out any further computations, relate the.shapé of the neutron spectrum
‘and the ANGP. |
For a source of monoenergetic neut-rons of energy ED the ANGP
is expressed as . | '

N
>“ oi(Eo)Ai(EO)

A(Ey ==L — (1)

Z n'i(F‘.U)'
i=1

where the summation over i is done for different elements in the emul-
sion material, ai(EO) is thc probability of producing a star, f’and Ei(EO)
is the corresponding ANGP. The A(EO) is the quantity which we have
measured for several ene;'giees, EO’ as discussed in Section 2.

For a neutron spectrum ¢(E) extending over the energy range

from E_. to E the ANGP is given by
min . Mmax
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E N -
max N )
{ HEN ) oy(E)AE)|dE
A - mi]g i=1N‘ . - . ) (2)
max
S‘ | cb(E)Z o (E)| dE
Ern'i n i=1 J

Using the exp.resvsion of A(E) in Eq. (1) yields

¥ N
max
S‘ &(E) A(E) Z o.(E)| dE
JE . =, ! . ‘
K - min 1= L. ) (3)
Emax N ’, : '
: S‘ H(E) Z oi(E)s dE
E . — T
min i=1 4

The cross section for producing stars, which is proportional to the
inelastic scattering cross section, we assume to be independent of

energy.” This simplifies the expression of ANGP to

max .
S‘ : () A(E)dE
min '

E
max
S $(E) dE

E_.
min

>l

(4)

The_ abbve equation can be used to compute A for any given neu-
tron spectrum. But if we want to determine $(E) from a measured
value of A, | then we are limited to determining a single parameter in a
;'eprescntation of ¢(E). This limits the spentralv shapes to a family of
cufves. Thus we do not expect such a method to reveal any detailed
structure that may exist in the real spectrum, but rather to give only

the general éhape of it.
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The parametric representation chosen is the same as used by
Omberg and Patterson. The neutron spectrum is defined by an Y
function up.to a given junction energy, Ec’ of the spectrum. The high-
energy evnc.l'is represcnted by a parabola which joins the low-energy part

smoothly and goes to zero at the maximum energy, Erﬁax" Thus we have

S T S

— - —Y
q;,l(.b) = ¢D E Y, far N e ()
' - z B A
-‘hZ(E) c0+ciE+02E, for EC(E<L \ax’

and ¢, are determined from the conditions

The 'constants c Ci’ >

O’
$(E) = ,(E ),
40, (E) d¢,(E)

S A - ) S (6)
ik dE E-E_ |

¢2 (E ) = 0,
which vyields

. -y -y-1
(vtOE_ "' -yE__E_

. = & ax :
"2 7 %0 E-E )2 -
¢ max’
o -v-1 . ' -
¢, = -YO, E 2,k o (7)
) . T - 1 - - 2
Lo T T4 ];17'1ax €2 Erax

In this representation the maximum energy and the junction énergy
‘are speéified, the normalizing factor ¢0' does not affect the measured
ANGP, ar.ld'the only free parameter is; the logarithmic slope, y, of the’
llower— energy part of the spectrum. We find that such a representation
can closely describe both accelerator and cosmic-ray spectra measured

by other techniques.
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In the subsequent calculations we assume Efnin = 20 MeV and
’EC = 2,/3 Emax’ in aAc'cordance with Omberg .and Patterson. For a
v»given maximgm energy there exists, then, a unique relationship be-
tween the measured ANGP and the spectral index, y. We have calcu-
lated A fo;' a number of maximum energies and speé‘t;‘al indices. A
Fortran program using an adaptive Simpson's rule algorithm was writ-
fen and run on a CDC- 6600 machine to numerically integrate the expreé-
sions in Eq. (4). These results are summarized by the family of curves
shown in Fig. 2. These curves uni‘quely relate the measured A for a
range of spectral indices Aranging from O to 4 énd a number 6f maximum
energies, namely 50, 100, 200, 400, 730, 3000, 6200, 14000, 28 000,
and 50 000 MeV. These energies include the maximum energies of sev-
eral accelerators, and values corresponding to other maximurx;l energies
can be easily determined by interpolation. The highest méximum eﬁergy
is applicable to cosmic-ray spectra, although it includes some uncer-

tainty arising from extrapolation of the A(E) curve up to 50 GeV.

4. NEUTRON SPECTRA DETERMINED FROM
MEASURED 5TAR PRODUCTION

The results obtained above are used to analyze measuremeﬁts made
- at high- energy accelerators and with cosmic rays. Thicknuclear :,emul—
sions were exposed to high-energy neutron fields in one locé£ion at the
Berkeley 184-inch cyclotron with 730 MeV maximum energy; in thrée
locations at the Bevatron, the 6.2-GeV Berkeley proton synchrotron; in
‘three locations at the 28-GeV proton' synchrotron of CERN;_gnd at two

altitudes at White Mountain in California. The emulsions were counted
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and the ANGP determined by using the techniques desc ribed in Section
2. These results, together with the spectral indices determined from
Fig. 2, are summarized in Table III. It is inuportént to note that the ab-
solute magn'itude of the neutron flux is not obtained from the ANGP; how-
ever, if one wishes, the recoil proton tracks in the emulsion can be used
to determine that quantity as well.

Figure 3 shows the spectra obtained from measurements of ANGP
at Berkeiey accelerators and White Mountain together with two spectrul
shapes determined with threshold detector techniques. 4 The agreement
between the results from the two methods is quite good, both i the Bev-
atron WTT spectrum and the cosmic-ray spectra. In all cases ,‘che spec-
tral sha‘pes appear reasonable and are consistent with our present under-
standing of high-energy neutron .spectra at accelerators and in the atmo-
- sphere.

Figure 4 shows typical neutron s'pectr:; obtained in the large CF.RNa-
LRL-RHEL experiment a}f the CERN proton synchrotron. > In this figure
we also show a neufron spectrum determined from the proton track-length
distiibulivn in an emulsion exposed at the CERN PS together with an ex-

1.8

tension of the spectrum with an E™ 7" -shaped function. This ‘extension

is in good agreement with the results obtained from measured values of

ANGP giveh in Tablelll. 1t is also in s'accordance with the other results

shown, which are obtained from threshold detector measurements.

'Rl
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5. CONCLUSIONS
.Measurem_ents of the average nur:nbér of grey prongs per étar
produced By monoené rgetic ‘high- energy neutrons in nuclear emulsions
have been iméroved. These results and their extrapolation to higher
energies.éré used.to compute the average number of grey prongs per

star for a wide range of neutron spectra characterized by different en-

ergies and logarithmic slopes of the spectra. These results can be

used to obtain information on the shape of an unknown neutron spectrum

by using the measured values of average number of grey prongs. The

~results 'o‘btained at several accelerators and with cosmic-ray neutrons
are in good égreement with results from threshold detector measure-
ments. -

The'study of stars in nuclear emulsions extends the‘usefulness of

emulsion methods in neutron spectroscopy to energies much higher than

the upper limits of.recoil pratan techniques. Although it is not possible

to reveal ‘any detailed structure in the spectra, the information obtain-
able from stars is adequate in many applications of health physics and

shiclding design.
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Table I.

Measured values of number of grey prongs per star.

" Neutron Average Relative 'abundahce of different numbers of grey
energy number of prongs per star
(MeV) grey prongs
per star 0. - 2 3 4 5 o
27.5 0.007 0.993 . 0.007
105 0.23 0.790 .0.z14
230 0.51 0.450 © .0.360 0.069 0.002
4000 4.30

0.0G0 0.C80 0.210 0.160 0.080 0.080 0.130

7 8 9 10 11 12 13

J.080 0.080 (C.030 “0.030 0.000 0.030 0.020

AR
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Table II. Measured angular distributions of grey prongs.

—————
Angle to , -
the beam Number of grey prongs :
direction . 55 MeV £, = 4000 MeV — v
(degrees) (Projected angle measured) {True angle measured) _ Ty
0-20 ' 39 38 :
£U = 40 : 3y 55 o
40 - 60 | 19 59 ’ ' ;
60 - 80 11 | 38 |
80 - 100 0 40
100 -120 3 ‘ 30
120 -140 . 8 - 11 - |
140 -160 : 5 ‘ 10 | ,
160 -180 | 5 - 8 |
|
i

o
EED N
T Y IR
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' Table III. Speétral indices obtained from measured values of
"the average number of grey prongs per star.

Measured

altitude

Location : Spectral
: max ,
(MeV) ANGP index Y
. ' . I .

184-inch cyclotron between" 730 - 0.442 10.75
. Bays 10 and 11 '

Bevatron west tangent tank 6200 0.500 1.50
shielding wall (WTT) o B
‘Bevatron Coii 7, main floor 6200 0.321 1.68
Bevatron mezzanine 6200 - 0.272 1.78
'CERN PS" 14 000 ©0.291 1.80
CERN PS 14000 0.214 1.95
CERN PS 28000 0.447 1.68
White Mountain, 12 000 ft (50000) " 1.071 1.32
altitude
' White Mountain, 14000 ft (50 000) 1.038 1.35
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FIGURE CAPTIONS

Fig. 1. Average number of grey prongs per star as a function of

Fig.

neutron energy.
2. A graph relating the average number of grey prongs per star

and different shapes of neutron spectra characterized by-thé log- .

'a,rithnjiic slope. Y. and the maxirmmuwn energy of the spectra.

3. Neutron spectra obtained from star measurements and thresh-
old”dete':ctox; methods. The relative inter-lsities of.differrent spectra
a'reJ not significant.

4. Typical neutron spectra obtained from threshold detector mea-
surements shown tqg,ether with a Spectrmjn obtained from the recoil

protons and from the stars in an .emulsion exposed at the CERN PS.-
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