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SAMPLING BIAS 'IN SCANNING PROTON~-RECOIL TRACKS.
IN NUCLEAR EMULSION

Richard L. Lehman, Olga M. Fekula,
: and J. Robert Wayland, Jr.

'Lawrence Radiation Laborato:y
University of California’
~ Berkeley, California

t : . -

Abstract

. A new rapid méthod, suitable fo: use with automatic coordinate

readout microscope, of sampling track distributions in nuclear emulsion .

wvas tested for bias. Length and angular distributions of track samples

taken using this method from emulsions exposed edge-normal to single~

_ energy neutron beams were compared with those predicted by s-wave scat-

. tering théoiy; No significant sampling bias was féund;b,gl‘
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 readout has increased the potential usefulness of nuclear track emul~

—1-

' SAMPLING BIAS IN SCANNING PROTON RECOIL TRACKS -
) IN NUCLEAR EMULSION¥*

Richard L. Lehman,{ Olga M. Fekula,
and J. Robert Wayland Jrf'

I. INTRODUCTION

The development of microscopes adapted for automatic éoordinate

h ]

: _ ' 1- .
sion as a fast-neutron 8pectrometer. 3 'However, although automatic

_ reédoutisolved the problems of rapid recording and analysing of track

measurements, it left unsolved two other major problems in this use of

" emulsion: rapid unbiased track samﬁling, and suitable correction -

factors.

In earlier werk scanning was usually restricted to tracks that lay

. within a right rectangular pyramid parallel to the beam axis of the

. $ncident neu,trons.“’5 Correctioﬁ factors for such restricted samples

have been derived by Richarda.6 ’Alternatively. every track within a
given volume could bé scanned, Howevgr, because both these methodé are
slow,-and neither can match the'Speedvof the new fecording systems, we
have 1ntroduced tandom-walk sampling‘*that track is measured next which
lies with its end nearest the end point of the ttack just previoualy
selected and measured.z 7 |

P

*It requires about6-8 hours of Scanmng tlme ito select and measure 1000
tracks by use of this method. =~ ,
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Intuitively, the rand&m-walkvmethod éhould give an unbiaéed_track
sample, but it can be argued ;hat because the shorter tracks present
v‘.effectively only one end point to the scanner, this method biases
against them. In an attempt'to answer the question, "How much bias,
if any, does the random-walk method introduée?" pro;oﬁ;recoil tfack
distributiona taken from nuclear emuleioﬁé exfosed to singie-énérgy' ,”;v'
"fast_neutrons havelbeeh compared with thosevpredicfed by theory. :
. o v . , .
II. PROCEDURES

A. Experimental Method

Pellicles of'unmounfed Ilfofd L.4 nuclear track emuléion, 1by3 in}\;
. , _ |
and 600 p thick, were_wrapped in a_éinglq layer of black paper. These - .
were mouncéd in a special holder (Fig. 1) and exposed, edge-normal,.to
single-ehergy neutrons 18 cm from a tritium-or deuterium target (and
at 0° from the beam axis) #élghq U. S. Naval Radiological'Defense Labo= -,‘
- r#tofy Van de Graaff accelerator. In order to minimize neutron scatter;
ing, the beam was directed into a tent-walled room outside the gcceler;_;
Acor building, where it struck the ta:gét located 1.5 m above a cement
floor. The fast-neutron intensity waé monitored by a BF3 long ﬁouqte:,  
1.6 mécér distanf from the targef and.at an angle of 45° from the beam -
axis. The exposure detailsAare given in Table I. | |
=Af£er ﬁhe egpbsures,.the films were openedAih a d#rkfoom and meas-’

ured for thickness and lateral extemt. They were then developed and

fixed by & modified cold-cycle process7_in which chevaoihtioné were kept

PR
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at 5°C. To reducé thickness'shtinkage,fthe processed emulsions were
soaked for 24 hours in a éoncentrated solution of wood rosin in ethanol
k35 g per 100 ml). In this case, the rosin treatment caused a 3 to 10%
net permanent swelling of the emulsion over the initial dimensiona. The
£ilms were mounted on lx3-in. microslides with clear epoxy cement before.

they were scanned. The emulsions were manufactured 27 February 1961,

. developed 3 months later, and scanned within 6 months of development.

Yy

B. Scanning and Analysis

The center third of the 1x3-in. emulsions wa'a scanned by use of

_‘L

an automatic migrocoordinate readout microscope and the random-walk

sampling method. The track samples ‘amounted to about 0. 32 of the total

" pumber of tracks in this sampling volume. Only those tracks having

. both end points within the emulsion were measured, i.e. the emulsion

hydrogen served as an internal proton radiator.

The~hrapks were analysed with the help of an IBM 650 computer and

three computer programs. RECOIL I sorted the entire track sample into

length and energy dis:ribut10n8.7' RECOIL II, accepting only those
tracks lying within a polar half anglé of 30 deg with thg neﬁtron beam
axis (that was carefully aligned with the y-axis of the nuclear emulsion),
so;ted,tracks into length aﬁd angle distributions. RECOIL II also r;- -
created the 1ncide§t neutfon spectra by means of computiﬁg.'A

E_ = E_ sec’d AR .(I)Aw

n - p .

for each track in the 30 deg'frﬁctibn.  The proton track ehergy EP is’
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obtained by comparing the track length ] with a rangé-energy table in
the computer menu:n:y.1 The product of Ep and [2/(4')')2 (the secant
‘squared term) wgs sorted into 1 of 85 neutron energy intervals. At the
end ofithe computation, the number in.each interval was corrected by
the fac;.tc;rs ':.17&PAE in order to give the accurate shape of the neu-
tron spectrum. Here ¢ is the fast neutron collision cross section for
hydrogen; P is the geometry correction factor, and AE the size of the
o .
. interval, -Aﬁ independent measure of the incident meutrom energy‘spectra'.z
based on differentiation of the corrected smoo thed proton energy. dis:h-

gributions from the RECOIL I output was obtained using & third program,

RECOIL DD,

C. Distributions Predicted from Theory

The basic equation that describes the s-wave scattering distribu-
tions .. -+ from aingle-energy (<20 MeV) neutron collision with hydro~

gen nuclei is

an N @
a0k " 4x . o ‘

from whicﬁ can be derived tﬁé préton,;tack angle and energy distribu-

-tionss . : B SRR S _
| S an=N '___s_z_ I T O
c - : dQ " . 2x R ' ‘ .
: dN . N ';‘» | :
and N e B .
dB_ E e ' ' o
p. 2

_%*center of mass cooxrdinate system

[P o



-If it 1s assumed tha;

n v : { _‘ '.., : v o S ) R .
“akiE, e A S 6
oL . | o o
) _in which a and n are constants so that ‘
lv, lm a En’ - - ‘ ) . (7)
then one may write o
N
a N /m1y, 1/ (@)
g-a L _/zm“). L ”

A ]

The measured track-sample distributions are compared with those

predicted by Eqs. (4)_and (8).

. D. Correction Factors
 A sample will'belpiﬁsed against the (unmeqéured) longet tracks that
more frequently end 6ut_:side the emulsion unless it i‘s corrected by a
factor 1/P that 1; bagsed on the dimensions of the emulsion and tﬁe geom-‘
etry of the eiposure. VP 1s'the probability that a ﬁrack of length Z
which ofiginatea in the emuldioh will also end in the emulsion.

When an emulsion is exposed by isotropic or face-normal neutron

beams, the following correction factors may be simply derived from
Eq.' (2) in terms of the emulsion thickness Ts¥ |
" isotropic P(l) -1- £/2T 4§ <T), P(,ﬂ)ﬂ T/Z,E (l_\T) (9)
face normal P(l),n ) ﬂ cos O/T . __-.‘ . ; (10)

.-

1

* True valuea of ‘[ T, and @ at exposure. We assume the emulsion has
- ™nfinite" lateral extent and that the cracka are rectilinear.

. ¢
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The correction factors suitablel for édge-nqm&l neutron:beams were
derived as fol;lows.' Consider a parallel beam of single-energy neutrons
\ that enfe:s a piece of nuclear emulsion normal to an edge that defines
. the x,z plane. Further consider the éeoﬁetry when a neutron collides
at Q with a proton that travels for a distance ﬂ at angle O from the
path-axis of the incident neutron, as in Figs. 2 and 3. There is equal
: chanﬁe that the end of the track will lie Iat: any point on the circum-
ferencg of a circle of radius l.sin'O about V. Because there is sym«-
metry in the +x aﬁd -x direction, and because there is a "back and forth" "
- syﬁetry as Q‘moves between z = 0 and g = T, or from z = T to z = 0, |
only the quadrant R S U V li_s used. — ' ' H
' If Q lies at é’ deptfrexactly equal to ,ﬁ g8in O, tixen all possibl’e'
tracks (of the given ﬂ . -9) end within the emulsion along R $ U. How-
ever, if Q lies at a depth less than £ sin O, such as / sin 9 sin ¢,
then only a fraction of the possible tracks—those ending on arc § Ue
will .end within the emulsion. In fact, the pfobability that a track
(of given_‘[, 8) will lie on a.r‘:c“S U is given by
| P(z) = (2/x) arc 'gin (z/ﬂ sin @), for z4 sin 0.(11)
. The average probabilit& it;at a track ﬁillglie alqng“arc SUasz ;ariés ‘
from 0 to J sin © 1s given by - |
| . festme .

This average probability applies to the fractiom (j sin ‘0)/1‘ of the



. .
edmlsion. The probability for the ftdcﬁien 1 - (ﬁ sie 8)/T is unity.
Therefore - : ‘ | - |
ap(f,0) =1+ ([ sin 0)/7 + (1 = 2/2) (f sin 0)/T =1 - (2/x) (l sin 0)/T. '(13)-
- In mot;e useful form, T e T S ’ N

LE)~1- (Z/u)(,él'r)(l - E/E )ﬁ for [ sin 0 <1, 'tm’)

is the probability that a proton track of energy x (and lengthﬂ), aris-
ing by collision with a neutron of energy E at any depth in the emul- '

sion, will also end inside the emulsion,

| When‘ﬂ sin 0 T,‘P(z) = (2/5) arcsin (zAZ sin 0) 1, | '?- (15) . |
f‘as.in‘?ig. 4, end o ; T. a | ;'_Y o i | N H
P'av(l ’0);." 2/=) f(dZ/T) P(z); ' (16) :
. 0 , _ .
Pav(l »0) -_,(2/:r'i1‘) ,[T a_rcsip('i‘/a)f a? - 1'2 .- a]' . (17)

o ’in wvhich a = E sin.O.

o It should be emphasized that the‘derived factors for face-weedwedée-

, normaieexposure require a knowledge of the angle of scattering as well
.as the track length.. In this they differ from the isotropigvgyramidal-
sample correccion facteres Also, because the track length is not in-b'g
dependent of the angle of scattering, it is incorrect to obtain an
"average" correc:ion factor from Eqs. (10), (13), and (16) by integra-

i tion over 0. - '

Infpractice;.tracksﬁmustcbe sorted into 0 intervals, and (withih,

~ the af)pmpriate 0 interval) into length intervals, before suitable
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correction factors cam be applied. Some exaﬁplqs of geometry correction

factors for various exposures, scattering angles, and track length en-

\ergies are presented in Fig. 5. ©

III. EXPERIMENTAL RESULTS

- Length Distributions

The computed length distributions of tracks selected ;nd meas?red
by use of random-yalk sampling are coﬁpared with those predicted by
Eq. (8) in the Figufes 6-8. The agreement when all the‘tracks are used
. is‘gbod.v Howevér, the length‘distributions from the 30ydeg fractions .
differ stréngly from those given by the equation, namely, identical dis- ‘&
‘tributions with the total-frack curves aone 0'6fzmmx and no tracks be-

.. low. These results are discussed below.

Angular Distributions

The 30-deg fractioné; wbicﬁ»were analysed into scattering-angle dis-
» tributions in the xy and zy.planes of the emulsions, are compared with -
the expeéted distribution curﬁes in Figs. 9ell, Al;hough the agreemeng :
in the xy .plane is good, there is a distinct bias in the zy.plane in |
vfavor»of tracks with a shallow dip angle.

Neutron Spectra

Six single-energy neutron beams (in‘the range 0.5 - 15 MeV) were
di:ected edge-normal into nuclear track emulsions and track samﬁleé were
obtained,by_randoﬁ—walk scapning.‘ Fig. 12 shows the typical result when

the same track sample is analysed by the secé;pt};s;_qgarved ‘(REC_OILII) and the

ir
e
B

Lo
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differentistion (RECOIbeD) methods. In every case, the latter method

| gave neutron'spectre that were more accurate and about twice as precise.

S . 4

{.

IV. DISCUSSION

.LeugthrDistributions

It is convenient to discuss the length distributions in’ terms of

" the types of tracks that compose them.

(a)

g

A

proton trecks from first collisions of the primary neutron

beam with hydrogen nuclei, eithervdirectly (d), or after one

. or two previous scatterings from the heavier nuclei in the.

)

(o)
@

(o)

~ The.

" of ‘type (a) tracks and the distributions of tracks of types (b) through

emulsion'(ZH or ZZ'H);

proton tracks frem second or third collisions of the neutron
beam with hydrogen nuclei (HH' ZHH', or HH' H");

Proton tracks from nuclear n,p reactions; -

a-particle tracks* from nuctear n,a reactions, and
a-particle‘tracks‘frouAthe decay of radioactive contaminants

present in the maﬁufactured emulsions,

expected length distributions {Eq. (8) are composed exclusively

(e) are superimposed on the expected distributions. The relative num=-

. bers of tracks of types (a) and (b) msy be found by use of Fig. 13

which gives the’ probabilities for neutron_interactions with‘the various

*Visual discrimination between proton and alpha tracks in L. 4 emulsion
.is diffiecult. ; _ -

4

Ctt
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..-.elements in nuclear emulsion,
The fraction of the total number of proton;técoil,:racks of type
v (b) ;és;fOund to be 0.09, 0.05, and 0.04, respectively, for the distri-
butionavln Figs. 6 through 8. In Fig..6, mést of these tracks fall in

the 7- to 3?p 1ehgth region where the sampling effidiency drops to zero.

Type (b) tracks are not noticeable in Figs. 7 and 8 for a different rea-

4

son: tﬁéy are relatively few in numbef, and .they are spread out over a :

>

wide range of lengths.

Tracks from the two sources that constitute type (a) are separated

| by use of the length distribution from the 30-deg fraction. Because a
30-deg fraction track of léngth ﬁm must be an H track,. the r;tio of the
measured values of-l&Nﬂ&ﬂ:.A(taken neir'the maximum track length of the
sampie)'gives the ratio H/(H % ZH + 2Z'H). .The measﬁredvraﬁiosv0.59, |

; 0.89, and 0.98, respect1§eiy,ﬁfof the distributions in Figs. 6 through 8
agree to 102.with estimates based on the.elaétic scatieriﬁg probabili-
ties in Fig.i13; ‘ . | 3

A‘lthough many nuclegr '(n;p)',‘ (ﬁ,d), £{n,D), (n,He3)», aﬁd (n,a) re-
vaqtions ;re'energetiéally pqssible with the'héavy nucléi present 15 nu-
clear emuisions,9 ohly the 0 (n,a )C and the N(n, a )B're;ctions generate
numbers of tracks that ;re signifiéant ig comparison Qith the proton
recoils. Thé fotmer reaction is expected to gemerate 8- to 9-u tracks
in film A-21, aﬁounting to about 3Z'of‘the'tqta1 proton tracks. The lat-

. ter reaction is not expected to contribute significantly‘to thentrack

distribution with neutron energies below 10 MeV. The 6- to 7-p-tracks .

. .
T

1.‘

i
A
1.
i
.

[y
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from the N{n, p)C reaction, common when nuclear emulsion is ekposed to

thermal neutrons, are not in evidence.

The prominent peek near 21 p in films A-20 and A-21 is composed of

" a tracks from decay of radioactive substances present in the emulsion.

Although it has been impossible to identify the emitters that contribute to

this peak, they may be among those listed in Table III.

This agreement helps to interpret the departure (especially noticeable
in Fig. 6) of the (30-deg fractions from the expected léngth distributions, -
In film A-18, more then one-fxalf of the 10-15 p. tracvks were created i)y
neutrons scattered at least once from the high-Z atoms in the emulsion.

Such ZH oz ZZ'H tra.cks have a low probability of lying within a cone of

-

‘half angle 30 deg with the 1nc1dent neutron beam axis.

Becau&a of internal scattermg within the emulsion, it is appropnate

to apply the 1sotrop1c exposure correction factor, regardless of the actual

incident beam geometry, when the neutron energy falls below a.bout 2 MEIV.

Angular Distributions

Insufficient care in coming to a sharp depth focus on the terminal grains . .°

o

s very likely the.cause of the observed bias in the zy angular distributions,

and use of a 100 X objective has been found to correct this.  Any angular

seleetipn bias inherent in the random-walk method is expected to be’ revealed

in both the'xy and zy planes, since eve:y track is analyzed in both planes.’
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. Neutron Spectra

The somewhat surprising finding that the ngutfon spectr# measured

‘*by the differentiations method were in each éase more precise £han those
measured by the secant-squared method.may be interpreted as follows. The

, '30~deg samples in all cases contained considerable numbers of tfacks sho:t-
er than the expected cutoff at z=0.6[m1 These consist of high-angle ZH :
.tracks, secondary-scattering HH' and ZHH' tracks, and d-particle tracks.
8uch tr#cks give low-energy tails to thé neutron specﬁra. In addition, '
the energy of ; siﬂgle neutronléomputéd by use of the éecanf-squared

. method 1is the p;oduct of thrée measured qu#ntities (Sec. 1I), whereas the

i
b

Y

meésuremént of slope at the energy maximum is subjeét onlyvto the local -

precision of the proton entrgy distribution.

V. CONCLUSIONS
Track sémpleé obtainedvby the gggggg-gglg method have length and
éngulér distributions thag agree.with those predicted by equation;”;;rived'.
from s~wave collision dynémicé. There is no evidence for inherent sam-
pling bias.- The tFack'samples cohtain,'in addition to the expected tracks,
significant numbers of tracks from ayfar:icles and from second colliéions
( of the neutxon beam within the emulsion. Because of this, it is appropri-
'_ate to use the isotropic exposure cofrectién factor forvmeasuremgnts be~

low ZMeV.
The determination of the energy of the incident neutrons by differ-

entiation of the ptoton-ﬁtack energy'distribution was more precise than
the determination by direct measurement'pf trhckllength and scattering

angle.
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 Table I. Details of meutron exﬁosura.

Film

Reaction

Duration

Beam E

Av, beam Neutron E Neutron exposure

no. . (min.) . (MeV) current at 0° " at 18 cm 0°
' : - : (A (MeV) (n'cm:3§L0'6)
A-18 T(p,m)He® 45 . 1.93-1.95 _ 6.5  1.02-1.06 48
A-20 ‘D(d;nSH§3 165 0.46-0.50 5 - 3.07-3.13 28
A-21 26 b 49 g8

.D(d,n)ﬁe3 o

©2,00-2,02
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Table II. Track data from nuclear emulsions.

-~ Film

no.

L

(um)

Trapk density

0% ey

' Measured -

i

Total 30 deg
Fraction. . -

A-18

A=20

L A-21

15

78

170

1.48
1.56

1.58 .

3.9» )

2.2

4.5

H

2868 1015

1591 - 483
© 2820 723

uty
i

~ Number of tracks écanned, 




' Table III. Tracks from natural alpha-emitterh,'f‘-

 Emitter Length (W)*  Emitter . Length (u)* 5 .
222 1o mamgy U as

¥ a1 ra®my 29 T
w8 23 pofP@acy w0,

" Rn22%- 26 2o* %(me") 48

*of alpha-pat;icle'trackd_in Ilford L.4 emulsion.
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' . Fig- 2.

: Fig. 4.

'Fig. 5.

///
/'.‘:' - R
p, ,”’_:313. 6.
/ r
~,_K;/ K‘Fi.gi 70
e -
Fig. 8.

| Geometry of edge-normal exposure. QV is path axis of

. T cut normal to path axis of incident neutron.. Geometry .

‘nuclear emulsion of thickness 600 He

 expected; . @, full Gamplé; O, 30-deg fractién{"u'”
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 FIGURE CAPTIONS

Emulsion holder for edge-normal exposure.

incident neutron. S ' - Ty

Cross section of a plece of nuclear emulsion of thickness

for edge-normal exposure when [ sin 0T, - L o
Cross section of a piece of nuclea:'emuision.of thickness“ a

T cﬁt normal to path axis of incident néutroﬁ; Geometff‘:

for edge-normal exposure when f sin 65T, ‘ | .
Geometry correction factors for protonéfecoil tfacks‘in

I: maximum for face-normal exposure, ‘Ep -'En,f
'II: minimum for face-normal exposure, | (En = 20 MeV),
IIié isotropic exposure,

" IV: maximum for edge-normal exposure, »(Ep = 0.75 En),

V: edge-normal exposure for 0 = 15°, (Ep.- 0.93 En).f

| Track-length distribution in nuclear emulsion A-18: =

expected; . ©, full sampie; 0,.30fdeg fraction.
Track-length distribution in nuclear emulsion A=20: e
expected; ©, full sémple; 0, 30-deg ftactioh;g_

Track-length distriﬁution in nuclear emulsion Aflei-;AQ-;'




Figure Céptions (cont'd)

" Fig.

_vaig.

I

?ig.

-C)

g, 9.

10,

11.

12,

13,

Angular distribution of accepted tracks in A-18:

Angular distribution of accepted tracks in A-20:

expected; 0O, xy.plane;-
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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

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.
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