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ABSTRACT 

The aampllns bias in proton-recoil track samples selected by a new 

. rapid method from nuclear emulsion has been. exa.rnined. Track-length 

distributions of the samples taken from six emulsions expoaed to single• 

eneray fast neutrona are compared to those predicted by an: equation derived 

for this purpose. Biaa in the angular distribution o£ the sampled tracks was 

·similarly examined. The types and. sources of tracks, and neutron scattering 

in the emulsion, are discussed. 

The energy of the neutron beams was determined separately by two 

methods: diUerentiation of the proton-track energy distribution, and direct 

measurement of track length and scattering angle. The former yielded more 

preciae values •. 

An operational description of equipment used· for semiautomatic track 

scanning is given. 

) 
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I. INTRODUCTION 

The 'evelopment of microoc:opea adapted £or automatic coordinate read-

out baa incl'eased the .potential usefulness .of nuclear track emulsion as a fast• 

1 z , neutron spectrometer •. • . · The analysis of a. proton-recoil track sample can 

reveal the fa.at-neutron en~rgy spectrum to which the emulslon ha.B been 

3 exposed.· However. although automatic readout solved the problem of rapid 

recording of track measurements (see Appendix), it did not solve the central 

problem in this use of nuclear track emulsion, that of rapid unbiased track 

sampling. 

The standard sampling method o£ measuring the length of every track . 

within a given volume of emulsion is too slow: it cannot match the speed of 

the recording system. Because o£ this, the more rapid ~.!.!_~om-walk se.mpling · 

method has been introduced: tha.il track is measured one of whose ends is 

nearest to the end point o£ the previous track. 4 Although intuitively one would 

think that the random-walk method would give an unbiased track sample, it can 

be argued that because the shorter tracks present effectively only one end point 

to the scanner, this method bia.aes against them. 5 In a.n attempt to answer the 
-' 

question, "How much bias, if any, does the random-walk method introduce?" 
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proton-recoil track cUatributions taken from nuclear emulsions exposed to 

aingle•eneray ta.st neutrons have 'been compared with those prec:licted by 

theory. · . ' :• '.· ... 

. ; ~ 

II. PROCEDURES · 

A. ·Experimental Method 

Pellicle& of unmounted llford L.4 nuclear track emulsion, i by 3 in. 

and 600 ~thick, were wrapped in a lingle layer of black paper. These were 

mount~cl in a special holder (Fig. 1) and expoaed, edge-normal, to single· 

energy neutrons iS cm from a tritium or deuterium tar1et (and at o• from 

the beam axia) at the u.S. Naval Radiological Defense Laboratory Var. de Graa££ 

, accelerator. In order to minimize neutron scattering, the beam was d.irected 

into a tent-walled room outside the accelerator building, where it struck the 

target located i.S m above a cement floor. The fast-neutron intensity was 

monitored by a BF 3 lona counter, ·1.0 meter distant from the target and at · 

an anale of 45• from the beam axis. The exposure details are given in Table I. 
ft ., • 

After the exposures, the films were opened in a darkroom and measured 

for thickness and lateral extent. They were then developed and fixed by a 

modified colcl-cy~le· procesa 4 in which the solutions were kept at s• c; To 

reduce thickness· shrinkage, the processed emulsions were soaked £or Z4 hours 

in a concentrated· solution of wood rosin in ethanol (35 g per 100 ml). In this 

/ case, the rosin treatment caused a 3 to iOo/o net permanent swelling o£ the 

emulsion over the initial dimensions. The films were :mounted on 1X3-in. 

microslidea with clear epoxy cement b~£ore they were scanned. The emulsions 

were manufactured Z~ Februa.ry 1.961, developed 3 months later, and scanned 

within 6 months o£ development •. 

.. 
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The center third of the tX3-in. emulsions were scanned by the ran~om• ! 

walk method Wltil iOOO to 3000 track samples were obtained. · This was 0 .. i to 

'• 0.3«¥"' of the approximately 1 million tracks in thio sampling volume. 
' . . . .// .. 

,. The tracks we:re analyzed into length and energy spectra by an 

• 

/. 

IBM 650 computer that wao directed by the special program RECOIL I. 4 

· Alao, separately, .those tracks making a polar half angle oi 30 deg or less 

with the beam axis (that was carefully aligned with the y axis of the nuclear 

emulsion) were selected by use of a new program, RECOIL II, to recreate 

the incident neutron a pectrum. 
t . 

py ule'o! -

RECOIL U computed the energy of a. neutron 

(i) 

.\ 
~ 

The computer obtains the value Ep by comparing the track length .1 wit~· 

a ra.nge .. energy table. 6 The product o£ this value and~ 2 /(t:..y)Z gives the [,~ 
·:::- beutron ener,y, which is then sorted into one of 85 intervals. Thus the raw 

I 

' .. ' ~.t 

neutron spectrum is generated track by track. At the end of the computa.~~on, 
; 

•, . . ~ ~ 

the number in each interval is corrected by the !actor 1/a P .A E • RECOIL ii 

also analyzed the accepted tracks into length intervals, and into angular inter ... 

vala in the vertical and horizontal planes of the ernulaione 

l f I · 

B. Expected Unbiased Sampling Distributions 
: •, 

The basic equation that describes the scattering dietributions !rom 

-single~energy ( < 20 MeV) neutron collision with hydrogen nuclei is 

dN _ NO 
a:TI* - ":fiT (l) 

(where 
41 

denotes center-o£-mass coordinate system), 
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from which can be derived 
~ i • ; 

; • ~0 [1. ~~}•'" ~~ .cos B .. (3) 

. !', 

:-..:· ::. 
(4) 

i' " 

(5) 

•':. 

:;: -;'-._, 

U it is a a aumed that . 

.( • a. E~, , (6) 

in which a and n are constants so that 

1 En ,., • a , m n (7) 

tb.en one may write 
. . 

~ 111 :o (.,_(1/n•i)/ .(~n). (S) 
/ 

The conclusio:hs o£ this paper are based on a comparison of actual 

sample distributions with those predicted by Eq. (8). Because the form of 

this equation is important, it is presented in Fig. Z. · 

" 

) 

.. 

' 
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, 'Ill. EXPERIMENTALRESULTS 

The. raw length-distributions of tra.cka taken by random-walk sampling 

!rom nuclear emulsions exposed to single-energy neutrons are presented in 

.Figs. l through 8. The le~gtb di.iltribution for that fraction of the tracks scat

t.ered into a forward cone of hal£ angle of 30 deg is abo given for each sample • 

Details of the. track measurements may be seen in Table n. 

The O•to-30-<ieg !ractiona have been analyzed into scattering-angle 

distributions in the xy and zy~!planea of the emulaion (Figs. 9 through 14). In 

.... ,··additi~~· the energy spectra of the incident neutrons have been re-created from 

-', measurements by two di!ferent methods. One method uses only the forward 
I 

~- ~ l t. ' 
0- to 3Q .. deg fraction (RECOIL II); the other use_s the entire proton track 

·sample after it has been converted b1to an energy distribution (RECOIL I). In 

the latter case, the neutron spectrum is obtained by diiferer,tia.tion o£ the energy 

distribution of the ·proton tracks. 
3 

The neutron spectra. £rom both methods are 

presented £or comparison in Figs. iS through. 2.0. 

IV. DISCUSSION ... 
A. . Track Length Distribution; Bias 

A list of the types and sources o£ the tracks in the length distributions 

(Figs. 3 through S) is helpfulin the analysis !or sampling bias: 

(a) proton tracks from first collisions of the· primary neutron beam 

with hydrogen nuclei, either directly (H). or after one or two 

previous scatterings £ron1 the heavier nuclei in the emulsion 

(ZH or ZZ' H); 

' (b) proton tracks !rom second or third collisions of the neutron bea.m 

with hydrogen nucloi (HH', ZHH', or HH' H"); 

(c) proton tracks from nuclear n, p reactions; 
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(d) ci-particle tracks from nuclear n, Cl reactions, and 
t 

(e) a.~particle tracks from the decay of radioactive' contaminants 

· · present in the manufactured emulsions (no attempt was made 
. / 

. to distinguish between CL-particle ~d proton tra.cka during the 

sampllng). 

The expectecllen&th distributions (Eq. 8) a.re composed exclusively of 

type (a) tracks, and the distributions of tracks of types (b) through (e) are 

superimposed on the expected distributions. The relative numbers of tracks 
il 

.~ 

• • 

of types (a) 'and (b) may be found by use of lfig. Zi,· which gives the proba~ilities 
' I 

£or neutron interactions with the various elementa in nuclear emulsion. 

· ' The fraction of the total numb~r of proton-recoil tracks of type 

(b) waa found to be O.:ii3, O. 1.0, 0.09, 0.05, 0.04, and 0.02. respectively, £or 

the diatributions in Figs. 3 through 8. These tracks are not easily seen be

cause they form a smooth distribution of relatively short lengths tha.~ is 

' 
superimposed on the basic or type (a) distribution. For the distributions in . 

Figs.· 3, 4, and 5, most o£ these tracks fall in the 7- to 3-J.&. length region ,, 

where the aamplins efficiency drops to zero. The type (b) tracke are not 

seen in Figs. 6, 7, and 8 !or a different reason: they are relatively few in 

number, 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 information from the 30-deg fraction of the total track sample. The 

ratio of the measured values of AN/ Ae. (taken near the maximum track length ft. 

_of the sample) gives the ratio H/(H + ZH + ~z• H) ior.tracks of type (a). This 

is 'io because a 30-deg fraction track of length tm must be an H track. The 

measured ratios 0. 70, 0.66. 0.59, 0.89, 0.98, and 1.0, respectively, for the · 

distributions in Figs. 3 through 8 agree to ::1: 10o/o with estimates based on the ) 
' . 

elastic scattering probabilities in ltig. 21 •. 

--· 
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Although many nuclear (n, p). (n, d), (n, T), (n, & 3), and (n, <1) reactions( 

are energetically possible with the heavy nuclei present l~ nu~lea.r emulsion, 
7 

only the 0 (n, e)C a.nci the N(n, u)B reactions generate nu.mbe:rs of tracks that 

are significant in comparison with the proton recoils. The charts of Howerton8 

were use4 to compute that the £or1ner reaction will generate s ... to 9 ... JJ. tracks 

in film A·~t. and 80-JJ. tracks in !ilm A-23, amounting to respectively lo/o 

and 8"/o o£ the expected proton recoile •. The latter reaction generates 110-JJ. trac~ 
. ' ~ 

in film A•Z3, amounting to io/o of the proton recoils •. The 6 .. to 7 ... JJ. tracks from 

the N(n, ~)C . reaction, .common when nuclear emulsion ia exposed to ther~l 
' 

neutrons, are not in evidence. 

The prominent peal< near 21 1-" in films A-zo. A ... zt, and A ... 23 is com-

poaecl o£ o. tracks !rom decay of radioactive substances present in the ~muloion. 

Although it has been impossible to identify the. emitte.r.s.tliat contribute to this 
• ' . . 226 ZZ2 228 
peak, they may be among the folloWlng: R.a • 19 JJ.: Rn • 24 J.Li Th , Z3 JA-t 

Ra224(Th X), zs J.Li aa220(Tn), Z9 IJ.; and Pu239• 21 1-\o Small pea.ks'£rom 

· Po214 (Ra. C' ), 40 ~and Po212 (Th C• ), -4:8 !J.. are indicated by the numbers Z 

and 3 in Fig. 8. 

Below ZOO fl.•. the measured track distribution of film A· 23 depart ) 

strongly from that expected. The track evidence indicates that the 15.2-MeV 

neutron beam was not pure, but was mixed with significant numbers o£ 2- to 

3-MeV neutrons. Such a mixture is not uncommon when tritium targets are 

bombarded with deuterium: the target may take up deuterium gas and therebr 

-become a mixed tritium-deuterium target. It appears likely that this ex

planation applies here, and that the z ... to. 3-MeV neutrons were generated in 
3 . ' ' . 

a D(d, n)He competing reaction in the ~a.rget. 
.i 
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' :a. ~g_ular Sampling Bias in ~he 30-Degree Fracti9e 

. . . . I . 

lta.ch track accepted in the 30-deg fraction .was analyzed by its inclination 

in the horizontal (xy) anci vertical (zy) planes o! the emulsion. The inclinations 
J 

were sorted into one of iO intervals between +30• and -Jo•. 

In Figs. 9, 10, and. U., those tracks with small-angle scattering have 

been equally divided among the !our central intervals for a smooth presentation. 

This was done because of the "quantwn" effect of short tracks measured to 

discrete length intervals {-~). This effect also gives rise to the undulations 

fbat ar·e present at sin 6 m O.ZS and 0.35. Where the track lengths are gre~er, 
'· ' . ' t~ 
~~ in Figs. 1~ and. 13, thli undulations clamp out. However, they recur in>01; 
#f ' • ;'~-£ 
~~g. 14. where the distribution consists o£ mixed long and short tracks. ':'·:· 
-~'· j ;,-;; ' 

.{. 
'l i 

. . . . . _c 
A measuring bias in the zy (depth) plane is evident in all samples; :·:· 

. . . -~ 

the precise depth inclination is not recorded. There is a uniform tendency'~of 
'~ . . . . . . . ' '.:.; 

~he scanner to underestimate tho depth di!!erencea .between the track end p~ints. 
• "1! 

... Tbia may be due to insu!iicient care in coming to a sharp depth £ocua on the 
l ' . ' . 

ierminal grainae · 
§ ' . 

·, 

C.; The· Measured Neutron Spectra 

The neutron spectra measureci by the di!!erentia.tion method were in 

~ach case more precise than those measured by the secant-squared method 
.£: 
~{Figs. 15 through ~0) •. This somewhat surprising finding may be explained as 
·,~ 

~pllowa: 

~ 1. 
;•t; 

The 30-deg samples in all cases contained considerable numbers 
;f . 
-~£tracks shorter than the expected cutoff at :::::: 0.6 !m. These. consist o£ high-

angle ZH tracks, secondary-scattering HH 1 and ZHH' tracks, and a.-

l . particle tract~. Such tracks give low-enq.:.rgy tails to the neutron spectra. 

Z. The energy o! a single neutron computed by use o£ the secant

squared method is the product of three measured quantities (see Sec. IIA), 

•• 
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f The measurement of slope at the ( 
• • '! 

(maximum) eneriY cuto££ is, on the other hand. subject only to the uncertainty 
. ~ 

in one meaaured quantity:{· tl:ie track length. ' 

V. CONCLUSIONS· 

Track samples obtained by the random-walk method have length and 

·angular cUstributlons that agree with those predicted by equations derived 

from &•wave coWuion dynamics. 'I'he track sampl~a contain. in addition to the 

expected tracks. significant numbers of tracks !rom a. particles and from second 

collhions o£ the neutron beam with hydrogen nuclei. 

The determination of the energy of the incident neutrons 'by· dif!er~ntia.tion 

of the proton-track energy distribution may be more precise than the determination 

by direct measurement of track length and scattering angle. 

.•. 

'. 
! 

) 
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APPENDIX 

DeseriJ>!ion of a. Semiautomatic Track-Scanning Apg?!ratus 
I 

UCR.L·i13Zi 

The heart of a.Q apparatus that has given three years of trouble ... free 

aervi-:e a.t the La.wret;lc, Radiation Laboratory (University of California) is a 

standarci research microscope fitted with a. special stage and base (Fig. ZZ)e 

Two hanci dials· drive the precision lead screws that control the horizontal · 
/ . . . . . 

(x• and y•axis) motion of the stage. The vertical (z-a.xis) motion of the 
: . . 

microscope barrel 18 controlled by the standard coarse- and fine-focus knobs. 
I . 

/ ·-Shaft-position encoders (Model C-102, Datex Corporation, Monrovia, 
!· 

pa.U£ornia) affixed to the special aluminum base plate a.re mechanically coupled 
; . . . . 

/to the precision lead screw shafts and to the shaft of the fine-focus knob. These 
' / ~ 

/ ~~ncoders "sense" minute rotation increments as electrical impulses that can be · 
' /•' . '/ / . 

! ;translated a.nd amplified. The encoders resolve 1000 units/turn or about 

. / {o.36 des of sha!t rotation. A special adaptor on the x andy encoderm permits 
~·I . / f . 

Ji a unique digital readout over the rango o£ 100 turns. Suitable gearing .and 
If . ·,, 

I !' , 
/ 1 intermediate binary-to-decimal electronic translating (Model K·106. Datex 

I I 

I ~ ) . . 
• :;1 Corporation, Monrovia, California enable the encoders to read out to a I i ~arc!.-punch machi.ie in Wlits of micrometers of translational stage or barrel 

.f. ~tion. Thus, at a fixed coarse-focus setting, every point in the working 
i \ . 

1\~lume bas a unique set (xi' y1, z11 of rectangular space coordinateai A point 

i o~ interest is located by cross hairs in the field of view and by the fine-focus 
I ,, 
I ·~ 
,f.se~ting. I , , 

./ i/:\ The electrical-information £low from the sha.ft ... position encoders to 

'. tb}a punch-card machine is .shown by block diagram in Fig. Z3. and a ppotograph 
i;J 
,cit the entire apparatus appears a.a Fig. 24. When the scanner pushes the .i 

I ·:.f ~ 
; \ 

l.Y 
i '\ 

! l 
/ l 

I 
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''punch" button on the conh·ol box (F1g. Z.Z), the three flha.ft-encoder poaitiona 

are tensed and the etutput syatcun ia activated. 

The punch machine is !ilO programmed that columns 1 through 10 in th~t 

pu.no:h ca :rds 1 re a.u.tomatically fill4i!d with fixed information a.a each new cArd 

h led into it. Th.s fixed in!ormaticn consluts of the date, the relative humidity, 

and the emule;.on number in·coded (decimal) form. Normally thia informAtion 

!o coneta.nt for eeve:tal hundred cards. It is controlled by 10 swltch•u mounted 

on the panel shown in Fig. Z4. As the ~nd point of a track ia located by the 

croaa hairs Jn the field of view a.nd the ''punch" button i& pushed, colu.mna it 

th1~ugh 25 are punched~·five columns for the decimal coordinate o£ each ~Yla. 

When the other end o£ the track is loc•ted by the scann"'r and th.a "punch" 

button ia pushed, columns Z6 through 40 are filled with the new end-point 

coordinates. Similarly columns 41 through 55 and column• 56 through 70 

are filled. with the end-point coordinates of a second track~ . When column 70 

is punched the card is automa.tica.lly rejected and a new card is !ed into the 

punch machine, ready for column:~ 1 i through ZS to be filled with the end-point 

coordinates o£ a new track. 

Thia syste1u allows a scazuler to work rapidly, since he may k~ep hia 

eyea continuou,;ly accommodated to the microscopic field of view. The minimum 

time required to record both end points of a track is a. bout z. 5 seconds. This 

does not include the acar.ning time for locating the end points, howtwer, and in 

practice the minimwn time averased over an hour of scanning is about iZ sec 

per track • 
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Table I. Details of neutron exposure. 

4 

.Flln1 Reaction· Duration .Beam E. Av. beam Neutron E Neutron exposure 
no. .(min.) .(MeV) current at o· at 18 em 0° 

(iJ.A;) (MeV) (n cm-2.x to-6) 
:rr· ''!~~~::-:~-

'' 

/ 

' ., 

A-15 · T(p,n)He 3 45 ... '1.44..:1.50 6 0.48-0.56 2.9.5 
' . 3 

' ~. I 

A-16 · T(p, n)He .iS 1.72.-1.75 10 o. 79-0.85 Z2..5 

A-.18 
' 3. 

T(p,n)He 45 1.93·1.95 6.5 1.02-1.06 48 

A-20 · 
' 3 

165 • 0.46-o·.so 
'' 

3.07·3~13 D(d,n)He 5 2.8 

' . 3' A·2i D(d,n)He 2.6 Z.00-2..02. 4 4.9 88 

A-23 
' 4 
T(d,n)He 11 0.26-0.30 1.8 15.2. . 19 

. I /========================== ( .. 

j ·~. 
I 

' 
/ 

r "· ... 
/ . :· 
i .. 
I , 
i. 
i:; 
/I 
~, I 

' ' 'j 

/ ~ 

\ 

' . 

. · .. · ... ·.·· '• 

. . . , .' 

·, \ . 

. ,· 

. • . .'· .; . 

. .. . i . 

' 

,], 
.:~·- :-- . 

~--! • • '"':".·~. ' ·• 

/ . ' \ 
~ ·, 

.,j·· 
I 

! ~ 
I, 

1:, 
'" f \ 

I .. 
I 

I . I . 

I 
. I 

·' . . ....... 

.) 

·• 
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Table II. Track data £rom nuclear emulsions. 

' ·.: 

• f • •• 

Film .e. n. 
· no. .- (.:.) · · 

A-15 ' 6 . ' 

~ .. t6 11' 

4--18 - 1.5 
~ .. 
?~ 

··~20 78 
I \ 
! 

i A-21 170 
I :f;.. I 

/ 
1· 

A-23 1120 
:· ./ 

i 
j I . i 

-~ t ~: I 
·r.. ·. . '\ 
.. ·. i: 

l i 
! f . ; . 

.J 
< 

' I l 
' / . 

/ ~i 
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\ 
\ 
I 

··\ 

'·i /• 
I• 
J• 

i 
I r 

I 
I 
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' 
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.• 

1.41. 

'. t.45 

i.4S 

1.56 

. 1~58 

1.63 

Track density . 

uo·6 cm.- 3) . . . • 'i. 

Measured Corrected Expected N 
. nl· 

pm pt · p total 

2.8 5.1 . 

2.55 ,' . 3.5 

3.9 ' 5.6 

'2.2 . • I 2.3 

4.5 4.1 

. 2.0 0.50 

• : ~ I 

.;~. 

., 

5.6 

3.4 

6.4 

2.0 '. 

4 .. 6 

0.42 

.- ... · _(' . 
·, . ' . 

. 1038 .,-... 
,~- . 

. '2097 

2868 

1591 
' 

2620 

1i49 

... 

'.· ,._ . 

Nt/Nm N30 deg 

o-t m 

1.80 .I-.535. 

1..36 919 

1.43 1015 

1.03 483 

0.905 723 

0.250 .326 

; ' 

£ ' 

0.65 

0.45 

.0.45 

0.70 

0.79 

0.97 
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·List of Symbols 
• ! . 

~ 

· ·Polar bal!-angle of scattering, i. e~ ; ·angle between proton 

< 
\ ' ' I, ~ ' 

. . ~ 

~rack a.nd ayJ.s of incident neutron • 

'Solf.d angle defined by z,.,. (1-cos 6). · 
• :j 

Number; cli££erential number, and total number o£ scattering 
\ 

events. . ' 

Track length, ma.ximwn· track length, a.nc.i recoil energy o£ 
i, . 

the proton. 

·.Energy o! incident neutrons. 

A constant; the value is 13. 9Z. 
. . n 

. A parameter, defined by 1 = a E·, , normally considered 
. p 

. constanti however, it varies slowly with I!P and is 
. i/3 

given to within 2% !rom 0.8 to ZO MeV by 0.1 (E .. ) +1.38. 
. p 

Total number o£ measured tracks in a. sample~ 

Number of measured tracks with 6 .:;; 30 de g • 

True total number of measured tracks, corrected to exclude 

stray or second-sca.tte:dng tracks, and to include the 

short tracks lost because of scanning inefficiency; given 

by (dN/dl)m • n lm • 

Measured track density. 

Track density expected; given by product of macroscopic 

cross section for hydrogen in standard nuclear emulsion 

and the neutron e"pot!;ure.-. 

True total measured traclli. density, given by 

pm ·~ N/Nm. 

Fraction o£ tracks of 1 > 0.6 1 with 9 ~ 30 deg. , . ., . m 
J 



.,. 
~. ,. 
i 

I 
I 

p 

' 
I' 

' ' ; ; 

t 

' ; I 

:,l 
.'' 

UCRL·1i3li 

Total cross section for scattering of hydrogen nuclei by 

neutrons .o£ a given energy. 
'i 

Track-escape probability based on emulsion <iimension.a .and 

track length. 

Energy interval. 
'l 

Projection o£ the track length along the axis o! the incident 

neutron. 
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; '· 

, ~ I I 

:, 

.) 



: -~·· 

;_' .. ../'. 

. ·, •. ~'' ! ', 

( ·:1 

'· : .. ·. 

A' 

/ 

,: 

. i· 
... 1,7-

FIGURE CAPTIONS 

Fig. 1~ . Emulsion holder for edge-normal exposure. 

" ,., 

t !, '·.'· ~ ~'l·~. •'.;!· 

~~. . \ 
;' 

. ' 
\ 
' 

UCRL·1i32i 

·.Fig.· 2 •. · Differ~·ntial track-length distribution !rom single;energy neutron 
•,. 

exposure. Ordinate in units o! N0/i . ·.Solid line~.n = 1.62 . m 

(1 = .1000 .,un); dashed line, n :: 1.53 ( 1 = 40 JJ.m). m. m 

Fig. 3. Track-length distribution in nuclear emulsion A-15: ---expected; 

8, full sample; 0 , 30-deg fraction. 

Fig. 4 •.. Track-length distribution in nuclear emulsion A-16: ---expected; 

0, full sampl~; 0 ~ ·. 30-deg fraction. '· 

. ( Fig. 5-.. Trac:k-length distribution in nuclear emulsion A-18: --- expeqted~ 

• , full sample; 0 , .30-deg traction. 

Fig.· 6. Track~length distribution in nuclear emulsion A-20: ---expected; 

8, full samplt~; 0, .:·30-deg fraction.' 

Fig. '7, Track-length distribution in nuclear emulsion A-2.1: ---expected; 

0, full sample 0, · 30-deg fraction. 
... 

Fig. 8. Track-length distribution in nuclear emulsion A-23: ---expected; 

(I, full sample; 
.. 

0 , 30-deg fraction; spurious peaks due to. o. particles 

are indicated by· 1, 2, 3. 

. ·.Fig. 9. Angular distribution of accepted tracks in A-15: --- expe~_ted: 
.. 

0, xy plane;., zy plane. 

Fig. 1.0. Angular distribution of accepted tracks in A-16: · --- expected; 

Ci, xy plan~.;' 8, zy plane. 

F' ... lg. i 1. Angular distribution of accepted tracks in A-18: --- expected; 

· 0, xy plane; G, zy plane. 

li"'ig. · 12. Angular distribut,ion of accepted tracks in A-20: --- ~.xpected; 
'· . 

·O t xy plane; 0, · zy plane. _; 

i ' 
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Fig •. 13 •. Angular distribution o1 accepted tracks in A·li: ---expected; 
\ . 

p, xy plane; 0, zy plane. 
'. 

Fig •. iAr. Angular distribution .o£ accepted tracks in A-23';. 

0,, xy plane; 0, zy plane. 

---expected; 

· Fig. i5. Neutron energy spectrum in nuclear emulsion A• iS• by 

dii£erentiation o£ smoothed proton energy spectrum; -.-. £rom 

.'· 
·30-deg fraction, track by track(RECOJL.II) ;e~·ergy spread expected (see Table I) 

Fig. 16. Neut.ron energy spectrum in nuclear emulsion A-16: by 

.. differentiation o£ prot~n energy spectruni; -. -. from.'3(J.:aeg~1racf1ori, 

track by track (RECOIL ll). 

Fig. 17. Neutron energy spectrum in nuclear emulsion A .. iS: by 

differentiation of proton energy spectrUm;-.-. Jrom 30-deg ·fz.a-cHon, 
track by track (RECOIL ll). 

I 

lt'ig •. iS. Neutron energy. spectrum in nuclear emulsion A-20: by 

di!£erentia.Uon o£ pro~on energy spectrum; -. -. from 30-de.g fraction, 

track by track (RECOIL II). · 

Fig. i9. Neutron energy's~ctrum in nuclear emulsion A-Zi: by 

differentiation of pr~ton energy spectrum;-.-. f~om 30-deg fraction, 

track by track (RECOJL II). 
/ 

Fig. 20. Neutron en0rgy spectrum in nuclear emulsion A·23: by 

dif!erentiation oi smoothed proton energy spectrum; -. -. from 30-deg 

fraction, track by track (RECOIL II); 1, Z, 3: · spurious peaks due to t<_ 

j. 
., 

· Fig. Zi. .Macroscopic croee sections for neutron interactions in nuclear 
'·. 

/ 

emulsion: I, tota.~;: U, elastic scattering; lli, hydrogen: IV, n, n 1 ; 

' i 
V, n, n' plus n, Zn;R,';ratio o£ HI to ll. For I, II, IV, V the ordinate ..J 

·i 
'·!I 

is the sum of.the ma.~roscopic cross sections o£ Ag, Br~ H, C, 0, and N • 
. , 

... 
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Fig. za. Three-axis digitize~. microar.:ope.: 
. . 

Fig. 2.3. Block diagram o£ electronic apparatus associat~d with the three•axi& 
. ' ' 

digitized microscope. , .. : . : . · · ' '· 
-." 

M 
. X. 

.. Mechanical coupling to shaft of precision lead screw which moves 
. ' . . ' . 

microscope· stage along the x a.xie. 
'.'• l ·,. 

!I 

E · Encoder which senses !'lhaft~rotation position of x-axis lead screw. 
·,. X ~ < • l __ • . J 

. ' ' ' ' .. ,... 
c Control chassiS· which converts binary code of encoder to 

X·.·-,;. . . ' . . 

decimal. . · .' . .' .. , .. 

M , E , C , and M ... ,· E , Cz refer to simil.a.r y- and z-axis elements. •. y y y 'IU I Z 

F. Fixed information dial panel. 

Button £or p\mch circuit activation. 

Card-punch control.· 

P · · Ca.rd-punchmachine. 

R. Relay bank and power supply • 

.Fig. 2.4. Semiautomatic tra.ck-aca.nning apparatus • 

. , . 

• l 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com· 
m1ss1on, nor any person acting OR 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 disc~osed in this report 

·may not infringe privately owned rights; or 

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

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




