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CH!~TER I 

INTRODUCTION 

The scattering of protons from helium nuclei has several aspects which 

are of fundamental interest .in nuclear physicso First of all, there is the 

possible information which the angular distribution of the scattered pro-
--

ducts can give' to aid in forming a theo~ of nuclear forces. The scatter-

ing of protons from light nuclei has yielded much of the information on 
I 

I 
which the present theories of nuclear forces are based~ At present, 

~owever, the theoretical interpretation of the scattering of protons from 

helium is limited to the treatment by phase shift analysis~ The phase 

shift analysis of the proton-helium scattering at lower energies 1 (up to 

3o6-Mev) indicates that S and P wave scattering is present but there is 

no evidence of anomalous phase shifts of higher angular momenta,. The P 

wave phase shifts are apparently double valued but it is not possible with 

the data available at present. to determine whether the doublet (in Li5) 
. '· 

is normal or inverted. The data at higher energi~s may help to clarif.r 

this situation .. 

The second point of interest is in the search for excited states 
. · floG·'/ 

of the ~fll9SI:mi nucleus b±S-., The reaction involved here is: 

He4 + Hl --+ Li5* ~ He4 + Hl 
s s 

If one considers this reaction together with that of the elastic scatter-

ing, which may be written He4 + Hl- He 4 + H 1 thi:m two or more s, s 

ranges of protons should be observed at any particular scattering angle, 

within certain energy limitso Thus~ the existence of two groups of protons 
He"' 

would give some information on an excited state in ~ o As will be 

mentioned later, no such effect was observedo However, it is pos9ible 

1 
C. Lo Critchfield and Do C. Dodder.? Physo Rev. 76, 602 (1949)e 
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that the incident proton energy is too high for the state to be observedo 

In previous investigations2,3, emphasis has been placed on establish-

ing the existence of resonance scattering due to an excited state of the 

compound nucleuso A broad resonance in the backward scattering was ob-

served in the neighborhood of 2-Mev incident proton energyo Earlier work 

in the field was limited b3r the maY.imum available proton energy. 

Heydenburg and Roberts4 used protons up to 1-Mev in energy while in the 

earlier experiments on the scattering of alpha~particles by hydrogen5,6, 

the maximum available alpha-particle energy was 8 .. 5-Mev. This corresponds 

to a maximtun indicent proton energy of 2 .. l~Mev. Thus, in this work the 

available energy was too low to ovserve the resonance effect. 

In the present work the scattering measurements were limited to one 

incident energy, that of 9o5-Mevo However, the existence of inelastic 

scattering could be established as mentioned above since nuclear research 

emulsions were used for the detection of the scattered particles. Since 

the emulsion is continuously sensitive to all rru~ges of particles, a per-

manent record is provided of all the scattered product·s that appeared under 

the conditions of a particular run. Thus, if there are two ranges of 
': 

protons present in reasonable numbers, these would be detected. With this 

da~a, the energy range investigated for the scattering of protons by helium 

2 
;. 

N .. Po Heyenburg and N .. F. Ramsey9 Phys .. Rev., 60y 42 (1941). 

G. Freier~ Eo Lampi~ Wo Sleator and ,J. H. Williams, Phys,. 
Rev .. ]2, 1345 (1949;. 

~4 No P .. Heydenburg and Ro Ro Roberts, Physo Rev .. 2£, 1092 (1939). 

5 

6 

J o Chadwick and E. ·s .. Bieler~ Phil .. Mag!' ~' 923 (1921) .. 

C .. B. O. Mohr and Go E. Pringle, Proc. Royo Soco 160, 190 (1937)! 
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nuclei has been extended from 3 .. 5-Mev'to 9 .. 5•Mevo The angular range 

covered has also been extended to 172 .. 5 degrees in the laborator,y co~ 

ordinates. Also, sufficient points have been measured to rule out the 

existence of any fine structure in the angular distribution curve. 

The general nature of the present experiment was the scattering 

of 9o5-Mev protons from a "thin" helium gas target and the measure- . 

ment of the angular distribution of the scattered products by means 

of nuclear emulsions~ The 20-Mev molecular hydrogen beam from the 

6011 cyclotron in Crocker Laborator,y was used as the scburce of the pro­

tons.; The 'scattering chamber and associated equipment, which was; 

developed at the Los Al~os scientific L"'abor~tories ? , . was used in 

the present work with theJ kind permission. and assistance of Dr9 

Louis Rosen .. 

7 J. Co ~red, L. Rosen, Fe Ko Tallmadge, and J. He Williams, 
Rev. Seio Inst .. ~' 191 (1951). 
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CHAPTER II 

ASSOCIATED THEORY 

le The Cross Section Formulao 

As already discussed, the experiment to be described involves 

the measurement of an angular distribution of particles scattered from 

nuclei in a region in the center of a scattering chambero Distributions 

of this t,r.pe are usually expressed in terms of the differential cross 

section per unit solid angleo This quantity m~ be considered to 

represent the effective geometrical cross section of a target (helium) 

nucleus to the incident beam of particles (protons) for the occurrence 

of the scattering processo 

Let us consider first the basic concept of the cross section for 

the scattering processo The totoal number of scattered particles (Y) 

from a given process will be proportional to the number of incident 

particles in the beam per unit area (N) and the number of scattering 

centers <ut). Thus~ y o< N~ o The constant of proportionality is 

known as the cross section for the processo Thus, 

Y = CJ'Nnt, 

where & is the total cross section. It also m~ be considered as the 

probability for the process to occur. 

Another way to develop the concept of cross section is to consider 

a flux of' Nt particles/cm.3 moYing with velocity V cm/seco Then 

consider this incident on a foil containing n particles per cm2o The 
.· 

rate for the process (ioeo~ the numbeT of scattering events per second 

in this case) will be given by 

R = O"'nN 1v, 
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where a- again represents the total cross section for the process .. 

If the total number of events is to be determined, we essentially 

. multiply by the time of observation and obtain the same relation as 

above.. Thus, to determine the total cross section for the process, one 

must determine the total number (nux) of particles incident on the 

target nuclei, the total number of scattering centers (target nuclei) 

per unit area and the total number of scattered particles produced., 

In the measurements involved in this experiment, as a matter of 

experimental convenience, the process was observed at different angles 

to the beam and the angular distribution about the scattering center 
I 

was determined in a plane which contains the beam., Essentially, in 

the measurement of total cross section discussed above, all particles 

at all angles have to be detected., In the measurement of an angular 

distribution, one observes the number of scattered particles Which, 

in leaving the scattering volume, pass through the solid angle sub-

tended by the detector at a given angle 9o Thus, one measures the 

yield over a small element of the solid angle around the scattering 

center., The expression for this element of the total yield m~ be 

written. 

<tr = nN d0"'(9) dw, 
dw 

Where d 0"' ( 9) is the differential cross section per unit solid 
dw 

angle (steradian) and dw is the element of solid angleo Thus, the 

element of yield which passes through the solid angle dw subtended 

by the detector will give the differential cross section for the pro-

cess involved., 

In the above relation n is the number of target nuclei per cm2., 
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To transform this to the case at hand, that of scattering from a volume 

of gas, the target foil m~ be considered as a qylinder along the axis 

of the beam of length A and of radius small compared to the distance 

to the detector. Then we m~ write 

dy = n .·. )... N d 0" (9) du.> • 
0 df.IJ 

.Here n0 is the number of gas nuclei per unit volume and N is the total 

number of particles passing through the scattering volume., This assumes 

essential~ a line source of scattering centers. Si~ce the radius of 

the incident beam is approximately J/32 inches and the distance to the 

detector is approximately eight inches, this would app·e·ar to be a valid 

approximation., It can be shown analytically$ that the difference between 

the average solid angle subtended by the detector from the extreme edges 

of the beam and that subtended from the axis is completely negligible., 

Let us consider now the geometry of the collimation system used 

in the • experiment., Fig., 1 shows the essential details of this 

geometry. It can be seen from the figure that different elements of 

the scattering "volume" will have a different effectiveness in pro~ 

ducing 11 counts 11 at the detector and that this effectiveness will vary 

with the angle of scattering. In order to determine this, consider 

an element dy of the scattering gas which is a distance y from the 

center of the scattering 11volume 11 • Suppose that an event takes place 

in this element and a proton enters the emulsjon in an elemen~ of the 

plate of length dx and width .w, this point being a distance x from the 

8 J., C., Allred, Los Alamos Laboratory Report, LA-981 (1950)., 
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plate-slit axis., The number of scattering centers in the element qy 

along the axis of the beam is then n0 dy particles per cm2. Es-

sentially qy is considered as the length which is effective in produc­
e) 

ing tracks at the point dx on the plate., Then the second differential 

element of yield may be written 

do-(9) 
du> 

dyduJ, 

If Y is the number of scattered particles detected on the plate, then 

d 0' (9) 
dw 

Jf qydw. 

If this number of particles are counted in a swath of width w and 

length dx along the plate, the element of area projected normal to the 

direction of the scattered particles is w dx sin ~ , where (jJ is angle 

between the line between the elements dy and dx and the photographic 

plate., This represents an element of solid angle w dx sin ¢/R2 where 

R is the distance between qy and dx., Thus the yield is given by 

To determine the cross sedtion from the yield of tracks on the 

photographic plate dete,ctors, the quantity 

dydx 

must be ,evaluated., 

The development of this quantity has been derived by Professor 

C., 1., Critchfield of the University of Minnesota., The derivation is 

given in ~pendix I., The result is~ 

y ,., noN do-' (9) 4abw {l­
dW L.l sine 



., 

where 

p = 

-9-

m(cota - cot9) 
L 

Q = 
I 

(m- + .£)(cota -cot9) 
L 

The geometrical quantities a,b,i,m,L and a are shown in Fig., 1., Thus 

the determination of the differential cross section involves the measure-

ment of the number of tracks per unit swath width~ the total number of 

incident particles, and the number of target nuclei per cm3 and the 

determination of a geometrical factor from the dimensions of the· ex-

perimental equipment., 

The ge.ometrical correction factor (oracket term) to the cross 

section formula is very nearly unity.. The maximum value, which occurs 

at approximate~ 90 degrees is less than 0.,1 percent and, hence, can be 

neglected.. The cross section formula may then be written: 

d (Y (9) 
dw 

= y --. .. w 
.L.LSin9 
n :Nab 

0 ' 

Where a and b now represent the full slit width, not the half width .. 

A rather simple qualitative derivat~on of the cross section 

formula may be obtained as follows9 ... Consider again the slits to be 

of width a and b (instead of 2a and 2b)., Tc determine the effective 

number of scatterirrg centers, proj-ect ·the first slit uni!·o--th·e-beam axis., 

The length of-the p-roject±on uf this line is a/sine., Assume that on 

the average, · p·article-s that are scattered from nuclei along this line 

element,· and that pass through the first slit, will pass through the 

'9 J.,· Co Allred ~ Private communication .. 

• 
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second slit and be recorded on the plate.. Thus~ the effective number 

'of scattering centers is n 0 a/sin9., To determine the solid angle sub= 

tended by the detector at the scatt~ring center, consider first the 

~angle subtended by the second slit at the firsto At each point of the 

first slit, the second slit will subtend approximately the same angle, 

:L. e .. , b/P.o Since it h'as·_ been assUI!lBd that particles coming from the line 

element and passing through the first slit will~ on the average, pass 

through the second slit to be recorded by the detector9 the angle sub­

tended by the_ second slit at the first gives the horizontal component 

of the solid angle of the detectors The vertical component is the 

angle subtended by the swath on the detector of width w at the 

~cattering c~ntere This is w/L.. Thus 

arid since 

dw = 1L b 
L_ 1, 

Y = n
0
N A. d 0"( B) dw , 

. dw 

we have, substituting the expressions for f.. and dw , 

and 

y = noNab w d cr (e) 
Lisin9 dw 

d o-(e.) 
dW 

Y n 0 Nab 
= w e lLSin9 ° 
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2o Mechanics of the Proton=Helium Collision., 

In order that the proper interpretation of the data obtained from 

the ·nuclear plate detectors m~ be made~ the fundamental aspects of 

the scattering of protons from helium nuclei are neededo The gene*al 

mechanics for nuclear collisions in the non~relativistic range are 

derived in Appendix II with the particular relations ror the proton 

helium case. The fundamental relations developed there and their 

interpretation \~11 be given heree 

In this experiment the primar,y purpose as discussed in Chapter I 

was the measureme~t of the angular distribution for the elastic scat= 

tering of protonso In addition the data was obtained in such a form 

that the effects of an excited state of the Li5 nucleus could be ob= 

served. Since there was no indicat±on -±n the data of inela:stic 

collisions, these will not be discussed• For the elastic collision 

of high energy proton"S with the helium gas, because ·o-r--the energy 

(or velocity:) of the incident particles (protons), the target nuclei 

(helium) can be assumed at rest in the laboratory eoordiriate system., 

This is the system, at rest with respect to the observer, in 1:'hich the 

experiment was performed., The angles of stattering are the angles de= 

fired by the camera slit system with respect to the beam axiso The cross 

section formula developed above was applied to the laboratory coordinate 

systemo It is convenient, however1 for the interpretation of the cross 
' 

section data to refer the scattering process to the coordinate system 

in which the center of mass of the proton~helium system is at resto 

In the laborator,y system, of course, the center of mass is moving and 

it has a velocity one-fifth that of the incident proton. In the center­

of-mass eystem the proton and helium nucleus are moving "toward each 
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other0 In general, we find that in the conversion from the laboratory 

coordinate system to the center of mass coordinate system one must con-

vert angles 1 energies and intensitiese 

' Center-of-Mass Angle: 

v 0 ..n. = e +o, 

•..: 

where e = laboratory angle and 

8 = Sin-1 (1/4 SinS) e 

Intensity Ratio., 

The relative intensities of the scattered particles in the two 

coordinate Systems are inversaly proportional to the elements of 

solid angle in the t-wo ·systemso 

Thus 

and 

- I ( .n. ) 2nsin ..n... d ..o... = 

I( .o. ) 
I( 9 ) 

= sine. dG 
sin.n.. d!L 

The evaluation of this ratio gives 

I(...n. ) 
I( 9 ) 

I(9) 2nsin9d9 , 

0 

where Ep is the scattered proton energy in thy laboratory 

sy~teJD. and E0 is the incident proton energy .. 

Energy Ratio: 

(2) 

(3) 
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In the particular process ~der consideration the incident nucleus is 

lighter than the target nucleus and~ hence 9 it is scattered with a 

single discrete energy in an elastic encountero Thus, only one sign 

is used and this is the plus signe To see this, consider the 

equation as 9 ~ 0 9 for which E1 = E0o For 9 = 0~ the bracket term 

becomes 1 ! 4 and~ hence, for ~ = E0 only the positive sign can be 

Equations 1 9 29 and 3 were used in converting the 'cross section 

values from laboratory coordinates to the center=of=mass system,; 

Certain features of the transformations m~ be seen from inspection 

of these fundamental relationse First of all 9 the center-of-mass 

angles do not differ great~ from the laboratory angles.. The maximum 

difference. is of order of 14 degrees at 9 = 90 degreeso This might 

be compared with the case of proton=proton scattering where 

.Q.. ( CM) = 2 9 (LAB)., :Secondly, the intensity ratio varies essent-

ially inversely as the scattered particle energye The ratio increases 
~' 

by a factor of 2 to 3 in passing from the forward angles to the back-

ward angle~o 

With regard to the recoil helium nuclei from the scattering process 9 

one finds as expected from the mechanics that these will have zero energy 

at 90 degrees and amaximum-.energy of Oo64 E0 at zero degreeso The ex= 

pression for the recoil helium energy is 

_!g_ = 

E 
0 

16 cos2 ¢ 
25 

If one considers the emulsion equivalent of the g~s in the chamber end 
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uses the recent range energy data of Rotblat10, the expected range 

of the helium nuclei in the emulsion turns out to be approximately 

four microns at 50 degreese The plate at this angle showed the short 

heavy tracks corresponding to these recoil nucleie At slightly higher 

angles the range is too,:, short to be useable and above 60 degrees, the 

recoil particles were absorbed by the gas., At smaller angles a defi­

nite peak was obtained At the shorter range., This is shown in Fig. 12 

(page 42 ) which is a histogram plot of the number of tracks vs. track 

' . 
length at 20 degrees., In Fige 13 (page 43:), the same plot for 150 de-

grees, it will be noted that the peak at the shorter range is not pre-

sent, except for a few tracks due probably to slit scattering., 

10 J. Rotblat = Nature, 167, 550 (19~51) . ., 
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CHAPTER III 

.APPARATUS 

General Arrangement - Beam Snouto 

The scattering chamber or multiplate camera that was used in this 

experiment was developed, at the Los Alamos Laboratoriesll for studying 

the angular distribution of the products of nuclear reactions and 

nuclear scatteringe -In order that a series of experiments could be 

conducted with this equipment on the 60" Qyclotron in Crocker Labora= 

tory 9 the be-am had to, be brought out so that the scattering chamber 

woUld be in a field free regiono However, the unshielded beam curves 

around and remains within the strong fringing field from the qyclotrono 

Thus~ it was necessary to shield the beam from this magnetic field& 1m 

iron snout was constructed to bring the beam out to clear 'the magnet 

yokeo Fig., 2 -shows schematically the general arrangement of the 

scattering chamber and beam snout in its relation to the qyclotrono 

The beam snout was- designed to reduc-e the· m·a:gnetic fi-eld· through·--

which the beam passes to a sufficiently low value- that it· would clear-
- -

the magnet yoke ~d could be centered on the scattering ch·amlJer;. The 

snout was tspered1 as shown in the figure, to- reduce the scattering 

of the beam from the sides as it spreads outo · At the cyclotron ·heram-

exit-port:~ a water cooled collimating slot was provided with dimensions 

of 1/2" x l=l/4"o (The heam -cross-section at this point ·is approximately 

1/411 x l=l/2 11 )o The inside·dimensions of the snout tapered from these 

11 Jo Co 4J-lred, eto alo, (See Refo 7) 
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dimensio~s to 1-1/2". x 3 11 at the exit end, a- distance- ·of approximately-· 

5 feet., In addition, a sylphon section -at the cyclotron end allowed 

for adjustment to center the beam on the exit end.,~ The snout Vm$ fabri= 

cated. with cold-rolled steel and welded to Iil:~ a -vacuum- tight ·chamber;; 

The top and bottom were 5/1611 thick and the side pieces 1 ... 1/2" -Wide., 

With this amount of iron the field at the input -end was redu-ced from 

9000 oersteds to approxi-matel-y 800 H-oersteds---asd·-measured -with -a--porta-

ble G.,E., flux metero 

At the exit end ·of· the sn-out- --a seuond -eoil±mating--sJ:-ot-was--pl-a:ced 

with dimensions of 1/2" x- 3/41:nch., ·Th:e-c-onnectiorr··from·----th·e-snout·to 

the scattering chamber was ---made-by --a-bras-s--pipe·-and syiJlhon bellows­

section with·approximatel-y3 inche-s -±n--side-di-mrreter;, (See-Fig.; 3 ·for 

a general picture of the cycl-otron snout----and cro:nera) o lm: -aJ;wninum 

window 9 o. 001" thick (approximately 7 mg/ cm2) sep-arated -the- ·-scattering 

chamber from the cyclotron ,vacuum., The beam of apprmd:mately 20 Mev 

molecular_ hy~ogen p~ticles from the cyclo-tron7 in passin-g· through 

this foil, was ~onverted to protons of approximat-ely-9.,5 Mev--energy;. 

The beam of protons then passed through additional colli-mati.ug slits 

(~r diaphragms) and~ after passing througl;l the scatt-ering volume 9 

entered a Farad~ cup through a second window., 

2o Scattering Chamber. 

The scattering chamber has been describ-ed recently- in the 

literature in its use in similar experiments to the present oneol2?13 

12 Lo Rosen and J., C., Allred, Phys., Reve 82, 777 (195l)o 

13 Lo Rosen, F., K., Tallmadge, and J. H., Williams 9 

1283 (1949) 0 



Fig., 3 

CYCLOTRON, :SNOUT AND G.AMERA LAYOUTP 

The beam p-asses from right to lefto The 
camera, pump ana- gas handling system are 
shown on the left .. 
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However, since m~ of its features are of fundamental importance to 

the present experiment9 a brief description will be given here .. 

The scattering chamber~ or multiplate camera, is so constructed 

that ever.y 2o5o angle from 10° to 172 .. 5° can be monitored by means of 

a 111 x 311 nuclear emulsion plate., Fig .. 4 shows, in schematic repre­

sentation1 the general arrangement of the mul tiplate camera., Sixty 

nine angles in all are covered and some of the forward ones twice,. 

The beam of particles passes centrally through the camera, after being 

collimated by a set of fo.ur circular diaphragms.. -The diaphragms are 

enclosed in a tube which separates the beam from the scattering volume .. 

Looking along the beam, the dimensions of the diaphragms are 3/16", 

1/411 , 3/1611 and 1/411 in diameter., The first diaphragm is made of 

gold to reduce the production of neutrons by the incident beam .. 

The 1/411 diaphragms act as anti=scattering baffles to stop. part of 

the beam that is scattered by the edge of the first and third slits_., 

In order to prevent the beam from striking the walls as it leaves the 

chamber9 the exit tube is larger in diameter than the entrance tube., 

This allows for the spread in the beam as it passes through the chamber .. 

The slit system for the collimation of the scattered particles 

consists of essentially three concentric ringso The first and third 

rings contain the collimating slits of width 0 .. 045 inches.. The second 

or center ring contains anti-scattering slits to stop particles 

scattered by the edges of the inner slit and to prevent "cross-fire" 

between adjacent slit systems., These slits are 0 .. 05511 in width., 

Also, 11 anti-cross-fire 11 baffles are provided between the second and 

third slit rings., These are parallel to the slit axis and essentially 

isolate the adjacent s.ystems over this region .. 
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The nuclear emulsion plates, used to detect the scattered partie-
. i 

les 9 are held in position between the outer slit. ring and the ~~1 of 

the scattering 'chamber.. The position is such that the beam of scattered 

particles strikes the plate at a point about 3 em., from its inside edge., 

A set of vertical slots holds the plate in position and beryllium copper 

springs on the outer wall insure that the inside edge of the plate is 

located against the outer slit ring assembly., The plates rest on the 

bottom of the chamber so that the exact location of the plate is 

determined and a reprodu9able geometry is obtained., In addition~ slots 

are provided on each side of each slit in the outer ring assembly so 

that suitable foils mey be inserted to slow down the scattered particle 

so that they will stop in the emulsion of the detector., 

The angular spacing between the plates is 5° except at the 

forward angles., In this case three plates on one side and four on the 

other side of the beam axis have 2.,5° spacing., With this arrangement 

the angles on one side are shifted by 26 5° from the angles on the other 

giving the 2.,50 coverage for all angles from 100 te 172.,5° as mentioned 

aboveo 

Additional features of the multiplate camera which are of eon-

siderable importance in this type of e:xperiment areg 

(1) The defining slit rings fit into recesses in the camera lid 
\ 

and form a haf'fle which reduces the diffusion of water vapor from the 

emulsions into the scattering volume; 

· (2) The accuracy w.ith which the camera slit system and plate 

holders were machined makes it possible to obtain result? which have 

a relative accuracy essentially within the counting statistics for 

each angle., The camera was assembled with dowels and machined on 
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a special rotary dividing table capable of measurement with an_ 

<i' 

accuracy of 10 seconds,of arc. The estimated error in the angle 

between two pl?tes is of the order of 0.,1 percent vmich is negli= 

gible compared to the statistical accuracy usually used (1 .. 5 ~ 2 

percent)o 

There are several :fundamental advantages in the construction and 

geometry used in the multiplate camerao 

(1) Due to the accurate positioning of the plates 1 the geometry 

from one run to the next is exactly re~roducibleo This facilitates 

the comparison of data obtained on d±fferent runse 

(2) By using the two slit system~ as shown .in section II~l above, 

the angle of ·the plate with respect to the slit axis does not enter 

into the ~cross section determinationj eliminatiitg any uncertainty in 

the measurement of the solid angle subtended by the detectoro 

(3) Of particular importance for obtainillg the relative cross 

section is the fact that maqy plates (anglesr can be exposed at one 

time pro.viding a means of obtroning data under identical conditions 

for ma.ny an.gles.. Also, being able to expose plates at many angles at 

one time shortens considerably the time required to obtain the data .. 

This minimi.ze-s variations ,in beam position and beam energy from one 

.. \ 
run to the next over the duration of.the exper~mento 

3o Pump and Gas Handling :Systemo 

-\ Two. separate pump systems were provided for evacuating the 

multiplate) camera and the Faraday cup., The pump system for the 

Faraday cup consisted of a, small air. cooled oil diffusion pump- and 

mechanical fore pumpo A-liquid air trap was used to trap condensible 

' 
v~pors and an ion gauge was provided for measuring the pressure., The 
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liquid air trap was kept filled at all times during the course of the 

experiment and the pressure in the Farada;y cup unit was maintained in 

the range of lo-7 mm Hg., 

i 

For pumping dovm the multiplate cameraS! a 275 liter per second 

oil diffusion
1
pump was provided and a mechanical fore pump was used 

for backingo Two s,ylphon pump lines connected the manifold to the 

camera., One line went to the scattering volume while the second line, 

which contained a liquid air trapl1 went to the annular region which 

contained the nuclear plates., This mad~ it possible to pump out the 

two sections of the camera separately and to introduce the scattering 

gas directly with the liquid air trap isolated from the systemo Fig., 5 

is a schematic of the pump and gas handling systemo By proper manipu-

' 
lation of the various valv~s provided, the multiplate camera could be 

pumped down,· the liquid air trap could be closed off, and various 

roughing and finishing pumpdowns necess~ for introducing the gas could 

be handled with easeo - Both an ion gauge and a vacuum thermocouple 

gauge-were provided for measuring the pressure., All small valves were 

Hoke sylphon needle valves vmile the large valves were 1 11 sylphon 

vacuum valve·so The gate to the diffusion purup was a standard com-

mercial diffusion pump ·gate ·-valveo · DuriD;g -the course -of setting up 

the camera and pmnp system, the -entire assembly was checked for leaks 

with a helium leak detector and ·made absolutely tight., Nominal values 

for the camera vacuum with plates in place ,were in the range of 10~5 -

lo-6 mm Hg., The accepted rate of rise prior to a run was in the range 

of 6 ~ 10 microns/minute., 

Key to Figo 5 

,DP ~ Oil Diffusion Pump 
FP ~ Mechanical Fore Pump 
IG - Ion Gauge 

TCG- Vacuum 

HG M - Mercury Manometer 
He GC - Helium Gas qylinder 
LA Trap ~ Liquid 1lir Trap 

Thermocouple Gauge 
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CHAPTER IV 

NUCLEAR EMULSION TECHNIQUE 

In recent years, with the development of improved methods for 

the preparation and handling of the spec,ial fine grain emulsions, the 

photographic plate has returned to widespread use in recording nuclear 

processes. The photographic p~ate was first used in 1896 by Becquerel_ 

when he discovered that the radiations from uranium salts we:re capable 

of blackening a plate. Later, when it was discovered that high speed 

alpha~particles in passing through an -emulsion left a line of develop~ 

able grains, the photographic plate was used by various workers to record 

nuclear eventso However, this work was handicapped by the characteristics 
\ 

of the early photographic emulsions. .Primarily~ the emulsions were too 

thin to stop the incident particles !¥ld complete data was <:iifficult to 

obtain. Secondly, the silver halide content of available emulsions was 

so low as to make it very difficult to distinguish an actual track since 

·the silver grains were rather widely spaced. With the nuclear emulsions 

available todey, these difficulties have been largely overcome and the 

photographic· pl-ate for recording nuclear events is now considered as a 

---st:andard rec-ording de-vice in-many ·varieties-'of-~experiments8 

The histoJzy, development, theory, and use of the photographic plate 

in recording-nuclear ·events have been treated quite extensively -by 

Shapiro,l4 Webb, 15 Powell and Occhialini,l6 and'--Yagoda.17 

14 M. Me Shapiro, Rev. Med., Phys., ll, 58 (1941) o 

15 

16 

17 

Jo Ho Webb, Phys., Rev. 'J.k., 511 (1948). 

Co F. Powell and G., Po So Occhialini, Nuclear Physics in Pho~ographs, 
Oxford, (1947) e 

H .. Yogoda, Radioactive Measurements ill!! Nuclear Emulsions, Wiley, 
(1949)o - _ -
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The reader is referred to these references for detailed information 

conce"rnin,g the nuclear emulsion technique. The discussion here will 

be limited,to the specific application involved in the experiment. 

Before proceeding with a discussion of the teChniques used in the 

experiment, it might be well to briefly consider some of the advantages 

and disadvantages in the use of nuclear emulsion detectors for scattering 

' experiments. First of all, the nuclear plate is continuously sensitive 

to charged particles. As such it will reco·rd all processes taking place 

in the scattering chamber during the run. This means tha.t if 9 in addition 

to the elastic scattering process, another process takes place, any par-

ticles from this event Which have sufficient energy to reach and enter 

the emulsion will be recorded. Secondly, because of its compact size, 

a great many plates can be used simultaneously as was done in this ex­

periment. The obvious advantages of this feature have already been 

mentioned. The known position of the plate with respect to the 

scattering volume is still another advantage in that by use of suit-

able acceptance criteria, background and spuriou~ particles can in 

general be eliminated in the counting. FinaJJzy-, the auxiliary equip­

ment needed w.ith electronic counter type detectors,(e.go 9 power supplies, 

amplifiers, -scalm-s, discriminat"Ors, and all the associate~ cables) is 

eliminated. Coupled "with these ·advantages however, is th~ fact tp.at the 

data is not -±nnnediately -avail-able due to the time required for plate 

development. In addition, the job of analyzing each plate is tedious 
I 

and requires 20 to 25 hours for the type of an~sis and number of 

tracks counted in this experiment. On the other hand, the data can be 

recorded on the plates and t~e analysis can be made at a).ater time. 

In the present experiment, much of the counting was done with the help 

of a single technician and the analysis of forty-seven plates required 
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approximately four months. Finally, the photographic plat.es provide a 

permanent reco:rd of the experiment. 

The photographic emulsions used in the present experiment were 100 

micron and 200 micron Ilford c2 emulsions. These recorded the protons 

as a moderately dense track and the alpha-particles as a ve~ dense 

track enabling these to be distinguished quite easily. The 200 micron 

emulsions were used only at the forward angles Where the expected proton 

range was too long for protons to remain in the 100 micron emulsion. This 

was determined by the expected scattered energy and plate angle, vmicll 

was 11 degrees 46 minutes for all scattering angles. 

The procedure for handling the plates di.lring the experimep.t will 

be discussed in the next chapter. Once the plates had been exposed, 

they were immediately removed from the vacuum and started through the 

developing process. The developing was don~ in an automatic machine 

built specially for developing nuclear plates by the Film Group of the 
,~ -· 

Radiation Laborator,y. The plates were put through the following process: 

(1) 30 min in developer (D - 19 diluted· 6 parts of water to 1 of 
stock) 

(2) 12 min in running water, 68° 

(3) 2 hrs., in Kodak acid Fixer with Hardner 

(4) 2 hours'- in running water wash 

(5) · allo\~d to dry slowly. 

No special precautions were .taken to prevent peeling al'though the edges 

of some of the -plat.es were taped with scotch tape •. In the first trial 

run some plates a few months old were used and these peeled rather badly. 

However, on all succeeding runs, new plates (approximately one week old) 

were used and to date these are all in the same useable condition .. as when 

they were originally developed. 
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With the plates exposed and developed, the final process was that 

-. ar analyzing the tracks recorded on the plate. Since the plate is con­

tinuously sensitive to all reactions taking place during ·exp(osure, each 

plate had to be very care~ analyzed to ensure that all possible data 

was noted and full advantage taken of the information available on the 

plate;. 

The micr9.scopes and laboratozy arra.t;tgement used for the analysis 
' . 

of the plates in this experiment are shown in Fig. 6. The microscopes 

were both Zeiss Jena laboratozy binocular microscopes. The light sources 

were Bausch and Lomb research microscope illuminators with a ribbon type 

· filament. These gave a uniform and intense source of light, which made 
' 

examination of the plates easier. Note the plexiglass dust covers used 

to protect the microscopes When they were not in use. Also each micro~ 

scope and 'its illuminator was fixed on a common bas.e so th~t the critical 

illwnination used could not be jarred out of adjustment. The microscopes 

contained apochromatic objective lenses with compensated eye pieces. A 

sixty power objectiv~ and ten power eye pieces were used on all measure-

ments.. With an additional factor of 1~5 in the bod,y tube, the total 

magnification was 900X. 

A reticule consisting of a large ruled s~are subdivided into 100 

sections engraved on an optical glass disc was used to define the swath · 

width on each measurement. The reticule was placed in one of the eye.,. 

pieces and the observer -used only that portion of the field of view 

within the s~are in selecting the tracks that were counted. A stage 

micrometer and auxili~, e,yep~ece scale were used to calibrate the 

·reticule., 

In order to facilitate the measurement Qf the projected range~ 

of the tracks selected, a special superstage vras devised for the micro-
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' scopes and two of these were fabricated by a local optical instrument 

compaQY.. The basic principle used in the design of this superstage 

was that the major portion of the tracks on the plate proceeded nearly 

parallel to one direction, that of the defining slit axis.. Thus, 

precision measurements were needed, in general, only in one direction 

on the microscope.. The construction of the superstage is shown in 

,cross-section in Fig .. 7 and photographs of the actual stage are shovnl 

in Figs. 8 and 9. The stage was designed to move the plate separately 

. from the regular microscope· cross feed screw., The traversing bar was 

' located in the groove which normally holds the clamps for the plate-

holder arms. ~ using this construction, the position of ~he plate­

holder arms was unmodified with respect to the ~croscope stage and the 

relation of the photograph,ic plat~ to the con:denser substage was not 

altered.. The superstage screw was a Zeiss precision screw of one-half 

millimeter pitch and the calibration on the drum was two microns per 

small division. With this stage precision, meesurements in the hori-

' zontal direction could be made quickly and easily. The reproducibility 

and accuracy of this device was checked quite carefully and one micron 

accuracy was easily obtained.- With this additional screw, the time for 
./ 

the scanning, measuring an~ counting procedures was reduced by a factor 

of from 3 to 4, and the o:verall accuracy of the measurements was increased 

considerably. An additional feature is that the mioroscope was not altered 

in aqy w~ except for the plate holder and could be returned to its origi~ 

nal state in a·matter ·of a few minutes., It should be noted that the 

design ~s not limited in its application to the Zeiss microscope but can 

probably be applied to every microscope commercially available toda;r ... 

The criterion used in counting tracks was based primarily on the 

slit system geometry., From this geometr,y (see Fig. 1), it is easily 
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FIG. 8 

MICROSCOPE AND SUPERSTAGE. 

Observers view. 
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Fig. 9. 

IIIICBOSOOPE AND SUPERSTAGE. 

Light source s.ide. 
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seen that protons. coming from a scattering event in the center of the 

chamber and passing through the slit s,ystem must enter the detector at 

the surface of the emulsion. In addition, the,y' must proceed aw~ from 

the inside edge of the plate and the direction of at least the first 

portion of the track must be within certain angular limits defined by 

the plate angle and slit geometry. Thus, by applying the proper angular 

limits a.nd noting where the tracks start and the direction in which th·ey 
. ( 

pass, tracks could be selected which only come from the scattering volume. 

Further examination of the geometry will also show that the tracks will 

be found only over a narrow portion of the plate. The maximum number 

will occur at the axis of the plate slit system and the number of tracks 

will fall to zero on each side of this peak due to the angular resolution 

of the slits. Thus, by plotting the distribution of tracks on the plate, 

the position of the center of the distribution could be determined quite 

accurately. Since the inner edge of each plate _was exactly positioned, 

the factor L which enters directly 'intG the cross-section formula, could 

be accurately determined. 

Figs. 10 and 11 are representative track density distributions on 

/ the plates at 20 degrees and 150 degrees. The main peak is reasonably 

symmetrical (within the statistics used) and covers actually only a 

small portion of the plate. The plates are apprGximately 75 millimeters .. 
in length and the tracks are located over only about 15 to 20 millimeters. 

The cross-hatched areas on tlie histogram represent tracks which fall 

outside. the main range peak. (see below) At th!3 forward angles the 

helium peak was considered as a main peak also. Thus, from the density 

distribution, one could be certain of including all of the tracks on 

the plate. In addition, at the forward angles where absorbers were used, 

the densitw distribution was used to determine whether or not all the 



-39-

e • 20°, 235 TRACKS 

TRACK DENSlTY DISTRIBUTION 

60 -- DIRECTION OF TRACKS 

55 

50 
Cl) 
~ 4 
~ 
a: 40 1-... 
0 
0 

3.5 
z 

30 

25 

20 

15 

10 

5 

50 3 + 25 10 0 

HORIZ. POSITION- MM. 

Figure 10 
MU 2273 



1/)20 

~ 
ex: 
1-

~15 

0 z 

5 

50 

-4C-

e = 150°, 105 TRACKS 

TRACK DENSITY DISTRIBUTION 

..._ DIRECTION OF TRACKS 

0 

• HORIZ. POSITION- MM 

Figure II 
MU 2274 



-41~ 

protons which passes through the slits entered the plateo This was found 

to be true although the distribution was spread over a much larger portion 

of the plateo 

Since the ~proximate incident proton energy was known, then, from 

the mechanics of the collision, the expected -proton energy at each angle 

was estimatedo By making suitable allowances "for gas absorption and 

plate angle, the mean expected range for the proto~ tracks from elastic 

scattering could then be determinedo If a plot of the range of every 

track whiCh satisfied the requirements above~ is made for a few hundred 

tracks covering one or more complete swaths, this plot'will indicate 

the actual distribution in proton ranges due to beam inhomogeniety and 

stragglingo SuCh a plot will also indicate if any other process has 

taken place that will be observable on the plateso Figso 12 and 13 

are histograms_ of the range distributions for two angles, 20 degrees 

and 150·degreese Note that at 2rr degrees, two peaks Were foundo The 

shaded areas represent tracks which fall outside the main track distri­

bution peako M3 discussed in Section II-2~ the long range peak- is the 

desired proton peak and the sho$er range peak is the -expected peak for 

the recoil helium nucleia It was from such plots for each angle that 

the incident proton energy for the experiment was determined (see Ch~= 

ter VI)o 

The inte~ediate range peaks on these two histograms m~ be attri­

buted primarily to slit scattered particles 9 that is parti'cles which 

have penetrated the slits sufficiently to lose some of their initial 

energya These particles by the nature of the defining system have not 

come from the allowed scattering region and, hence~ are not countedo 

Also~ from the small number of so called backgroUnd tracks on the plates, 

the effect of neutrons produced in the defining slits by the incident 
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beam was apparently negligibly smallo Thus, by the proper use of the 

range distribution curve~ the acceptance c.ri terion as. to range was de-

termined eliminating most of the background and spurious track correctionso 
' 

Based on the slit geometry and _the range analysis for each plate, the 

following criteria were established for counting a track: 

(1) The track must start on the surface of the elulsiono 

(2) The track must proceed in the proper direction - this was 

specified by an index mark being placed on the inside edge of the plateo 

The track must proceed aw~ from this edgeo 

(3) The track must enter the emulsion at such an angle as to have 

come from the scattering regiono This, as determined from the geometry 

of the system, was a rectangular pyramid with angles of 7 degrees in the 

vertical plane and 12 degrees into the emulsion; io eo 9 in the horizontal 

planeo 

(4) The track must have a range within the proton range distri-

bution peak ~or the angle in question = the range limits were determined 

from the shape of ·the range peako 

(5) The track must enter emulsion within the field of view of the 

defining reticuleo 

With these criteri·a:applied to each track, one is assured of obtaining 

accurate datao The limiting :factor then will be the counting statisticso 

In the present work, a total of approximately 2500 tracks were counted 
/ 

at each angleo The actual number varied from this by one or two hundred · 

'due to the fact that complete· 'swaths had to be read in accordance with the 

cross-section formulao 

To summarize, the general procedure used in analyzing a plate was 

as followsg 

lo All appropriate tracks (determined with the above criteria) in 
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one or more swaths were measured and their position noted in two milli-

meter i:p.tervals. 

2o Range and density distribution histograms were then plotted., 

From these the acceptable range for counting tracks was determined. 

Also, the center of gravity of the density distribution and the mean 

range of the protons was determined~ 

3. With the range criterion together with the other acceptibility 

criteria9 a sufficient number of swaths was counted to give approximately 

2500 tracks. 
I 

4o Final~, a statistical plot was made of the number of tracks found 

in each swath and the number of tracks per centimeter swath width was cal-

culated and drawn on the same graph. With this 9 the variation in number 

of tracks counted in each swath was easily checkedo On those plates where 

the yield of tracks was low and many swaths had to be read9 this comparison 
\ ' 

was used to determine whether swaths were being read \Vhich were too near to 

the edge of the plate and were falling outside the main track area.. In the 

process of counting9 each track had to be measured for its rangeo If the 

range fell inside the li11lits spe·cified and the track satisfied the other 

acceptance cri-teria, it was counted. If, trowever;·the --range·-fell just out"' 

side the specifi:ed 1~-ts ·the ·r-ange was not-ed un the 'data ·sheet., Also 9 i.f 

the track was·-mr:rch hmger th-an spe-c±f'ied; this range was also noted .. · By 

this method of recording the tracks one bas a check a.S to whether all the 
. .( ' . 

valid tracks have been counted and as to whether impurity scattered 

particles have been included or not. A check of. the energy of a few of 

these long tracks indicated they cali1e from elastic scattering from nitrogen 

and o:xygen (i .. eo,, mass 14 and 16) nuclei., However9 too few of these were 

observed to give good enough statistics to obtain even an estimate of the 

impurities present in the gas. 



Thus, the value of Y<J the number of tracks obser-l}'ed in a swath of 

known width was determinedo The total swath width w was determined from 

the number of swaths read and the known width of the reticuleo The ratio 

of theSe two numbers~ Y/w, enters directly into the calculations of the cross~ 
I 

section for that angleo Certain corrections must be made on the value of 
( 

Y but these were all. ~plied together with other corrections and are dis-

~ cussed in Chapter VIle 
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CHAPTER Vo 

EXPERIMENTAL .PROCEDURE. 

1. Camera and :snout Alignment. 

The beam snout assembly, which was designed to bring the cyclotron 

beam out so that the scattering chamber could be located in a field free 

region, has alreaqy been described. The first step then in setting up the 

scattering chamber was to adjust the final snout position so that.the.beam 

was centered on the outer collimating slot. This was accomplished by the 
/ 

use of a l~er of zinc sulfide placed on a one~half inch thick glass port 

and fastened to the snout. The position of the beam was th~n observed on 

the plate from outside the water shielding and no over-exi)osure to radiation 

resulted. When the beam was approximately centered in the snout, a cathe-

tometer was set up so that it pointed directly along the axis of the snout 

(see Figo 2). The brass connecting section was installed and a second 

beam pattern was taken. Both the cathetometer and the snout were then re~ 

adjusted to line up with this third point. The alignment of the catheto-
., 

meter was checked by focusing on the last beam point9 then on ·the exit 

slot of the snout9 and then on the entrance ~lot o~ the snout (a distance 

of some 15 feet). When the cathetometer telescope was coaxial with these 

three points, the scattering ehamber was installed and lined 1:1p along the 

same axis. From the 1 appearance of the data~ this alignmen·t was good to 

better than 0.2 degrees • 

Once the camera and Faraday cup were set up and satisfactorily aligned$ 

the next step was to make the system vacuum tight. A. helium leak detector 

was used and the only leaks of an;y oonseGJJ.lenc~ were found in the Hoke 

sylphon needle valves. Several of these were replaced before a complete 

set was found to be tight. 
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A further check -of the magnetic field was made in the region of the 

scattering chamber. Rough measurements indicated an average field of the 

order of 70 oersteds at that pointo Thus, although the chamber was perhaps 

8 feet from the c.rclotron beam port, it was still too close to the magnet 

to be in a low enough field for the proposed experiments., A one-half 

inch thick iron shield was finally installed on the sides with one-

quarter inch on the top. This reduced the field to the order of 8 to:lQ 

oerstedso For a 7-Mev proton in a 10 oersted gield, the radius of curva­

ture is 15 x lo3 incheso The length of path from the center of the scat­

tering volume to the plate center is about 8 incheso This means that, 

the shift in the path of such particles at the plate, will be of the order 

of four thousandths of an inch which is equivalent of about two minutes 

of arc., However, the misalignment of the chamber was ·foUnd to be of the 

order of Oo2 degrees or 12 .minutes, ioeo, ~~'six; t.imes the effect due to 

the small field present.. Therefore, no appreciable error was .introduced 

by this small field., 

Figo '14 is a close-up view of the scattering chamber showing a 

section of the iron shieldo The chain rig shown hooked to the lid of 

the camera was used in removing the lid for loading and unloading the 

plate So 

2., Handling the Nuclear Plateso 

In order that the photographic plates (Ilford C2) could be +oaded 

into the camera in complete darkness, the entire cyclotron area inside 

the water tanks was sealed off to make it light tighto This included 

sealing all the cracks ·between the water tariks and around the water 

doors. The nuclear plates were marked with their respective run number 

and posi tj.on ir;l. the dark room~> This mark was scratched into the glass on 

the back of the plate near one end., The plates were then transferred 
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Fig. 14. 

MULTI PLATE CJIMERA - S. SIDE. 

The photograph shows a section of the 
magnetic shield and the ~amera lid 
Jlifting rig. The beam enters from the 
left. The Faraday cup, pump and ion 
gauge are on the ,right~ 
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in aQight tight box to the cyclotron area and loaded into the proper 

positions in the camera., This process involved setting the plate in at 

the PfOper angle with the proper ~rientation (ioeo, numbered edge against 

the inside slit ring and emulsion on ~he proper side.to receive the 

scattered p·articles)., · . The plates also had to be flush on the bottom of 

the chamber., 

In figs 15 and 16 the genera1 ~rangement of the plates in the scatter­

ing chamber is shown., In Figo 15 the beam passes from the top to bottom 

of the pictureo It will be noticed that the beam input tube is somewhat 

smaller than the exit tube and.that both of these,extend to the central 

regiono The plate spacing· is 5 degrees except at the most forward angles 

.where 2o 5 degrees spacing is usede The plate holder slots and energy 

absorber slots are a1so
1
.clearly visibleo In Figo 16, a photograph taken 

above but somewhat to the side of the camera, the defining slits for the 

scattered p~icles are clearly shovm., On the top side of this picture 

(along the far edge of the chainber) the beryllium-copper springs which 

hold the plates,into position against the inside slit ring assembly are 

also visible., 

A rather extensive pumpdow.n time was required after the camera was 

loaded, due to the water vapor in the photographic emulsions., This 

period varied from four to six hours depending on the number of plates 

being ·exposed., The pumpdown procedure cons~sted in roughing down with the 

fore pump to a pressure of 100 microns and then pumping with the oil 

diffusio:n pump for the required period to outgas the plates.. The liquj.d 

· air trap, on (the pump line to the annular area containing the plates '.(as . \ 

shown in Fig.,. 5:)~ .was used during .this period., The progress of the J;?umping 

was determined by taking a pressure rate of rise of the system vdth the 

liquid air trap closed off., When the rate of rise reached 5 to 10 
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Fig., 15. 

MULTIPLATE C.AIVJERA AND PLATES. 

The beam enters at the top - the two 
sets of positioning slots are seen in 
the outer ring. The radial strips 
between the second· and third slit 
rings are the anti-"cross-fire"'baff-

. les.· 
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Fig. 16. 

THE MULTIPLATE CillVIERA. 

The inner and outer slit s,rstems are 
shown together with the positioning 
slots for the plates. , .Also, the ab­
sorber slots ar,e clearly visible in , 
the foregronnd •. · 
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microns per minute, preparations -were ~ade to inject the gas. The base 

pressure was usually in the neighborhood of lo-5 mm Hg at this point. 

_The procedure for admitting the helium gas to the system was quite 

straightforward. The system, including the regulator valve, had been 

previously vacuum checked as mentioned above. The entire gas system, 

manometer, gas lines and regulator system was puinped dovm to the base 

pressure, with the, scattering chamber ~d liquid air trap cut off from 

the system. Both sides of the manometer were pumped down and the stop-
--

cock between these two arms was closed offo Then, with the diffusion 

pump gate and ion gauge valve closed, the manifold was opened to the 

chamber. Helium gas was then admitted directly from a commercial gas 
' 

qylinder into the s.ystem to the desired pressure, as determined by the 

manometer. No effo:t't was made to purify the helium since it was high 

grade gas.. This type is double-charcoal purified, and has a rated 

purity of better than 99G9 percent. After an accurate pressure reading 

was taken, the manometer was closed off from the system. 

The 'determination of n0 , the number of target nuclei per unit 

volume was based on measurements of the heights of the mercury co1UIIJils 

in the manometero A precision cathetometer was used for this measure-

mento The cathetometer was leveled and read by? at least two observers. 

The temperature of the gas was taken as the temperature recorded ~ a 

thermometer placed directly under the chamber (see Fig. 17) o Since the 

entire qyclotron area is enclosed by five foot water tanks, the ambient 

temperature remained fairly constant with only a slight- rise noted due 

to the qyclotron magnet warming up during a run., The me an _of the temper-

ature readings before and after a run was taken as the temperature of the 
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gas during the runo The thermometer that was used was a 0° to lOOOC 

thermometer which was read to! Oel°Co 

The relation used to calculate n0 is 

no = k. Pg 
p 

0 ' 

Where n
0 

is the ntunber of atoms per cubic centimeter, Pg is the pressure 

of the helium as measured above, P0 = 76 : standard atmospheric pres­

sure in cmo of Hg , T0 =- 273° Kelvin, Tg is the temperature of the gas, 

A is Avaga.dro v s number and V s == 22o 4 x 103. c~3 = volume of a standard 

mole of gaso k = 1 = the number of atoms per moleculeo Thus, 

27,3 6o023 X 1023 
X-- X 

Tg 22~4 x lOj 

The pressures used were in the range of five to forty centimeters of 

mercury (see appendix III) o Corrections for the expansion of the mercury 

in the manometer~ although sma.ll9 were included in the final calculationo 

The gas handling valves and manometer can be seen· in Figo .3o In 

Figo 17 the general details of the camera and cup assembly ar~ showns · 

The thermometer for measuring the gas temperatures is to the right under 

the camerae On the extreme right is the main liquid air trapo On the 

left is the Faraday cup and its electrostatic shieido .Also, one of the 

.Alnico bar magnets for the field on ·the cup is shovm taped to the cup 

housingo The large sylphon tube connects the Faraday cup to its pump 

systemo In Fige 18 tl;l.e posi~ion of the two flexible pump lines to .the 

camera are visibleo The line connected to the center of the chamber goes 

direct~ to the pump manifoldo The other line~ Which is connected to the 
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Fig.; 17 • 

. THE MULTIPLATE C.AlVIERA ASSEMBLY. 

The Farad~ cup and its electrostatic shield 
-are on the left with tJ;le pump system below. 
The the~ometer for measuring the gas tempera~ 
ture is located directly under the cgmera. On 
the right foreground is the liquid air-trap •. 



-59-

Fig. 17 
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Fig. 18. 

THE MULTIPLATE CAMERA. 

The Faradey cup and its electro­
static shield are show.n on the 
left on the back of the -camera. 
The positions of the two pump 
lines to the chamber are clearly 
visible .. · 
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Fig. 18 
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nuclear plate section of the camera, 'goes to the liquid air trap and then 

to the pump manifold. In the foregrormd are the bvo main vacuum valv~s 

for the camera _and in the background is the Faradey cup and its shield. 

The batter.y supplies the shield bias as is discussed below • 

. , 

4. The Faraday Cup and Determination of N .. 

In order to obtain an accurate measurement of the total number of 
·-

protons that pass through the chamber d~ing a run and, hence, to deter-

mine N, a separate Faraday cup unit was provided. The Faraday cup it­

self was 9 inches in length and 1-J/4 inches in inside diameter. The 

cup chamber and pump system was fastened to the scattering chamber but 

separated from it by a thin (0.001 inch) aluminum window. Two Alnico 

permanent magnets were located above and below the cup so as to create 

a field of the order of 1000 oersteds. The purpose of this was to trap 

second~ electrons produced in the cup by the positive ions to prevent 

their esc~e. The Faraday cup was made negative with respect to ground 

by a battery placed in ser~es with the lead to the current integrator. 

The purpose here was to prevent the collection of the electrons knocked 

out . of the window by the beam. 

The _prim~ sources of leakage which would produce errors in the 

value of N were , assumed to be: 

,(1) Ionization of the residual gas in the cup, 

(2) Secondary electrons escaping from the cup, 

(J) Conduction along the insulator surfaces. 

~discussed above, the pressure in the Faraday cup was.maintained in 

the range of lo-7 rom Hg. Thus, ionization of the residual gas should be 

a negligible factor, eliminating item (1). Also, conduction' along the 

inner surface of the insulator would be essentially eliminated at this 
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pressure. To ciheck for the possibility of second::rr"~J electrons escaping 

from the cup, the cup was made positive with respect to the ,case vdth a 

batte~. Apositive charge placed on the integration condenser was 

neutralized indicating ,negative integration. . No integration was ob-

served with zero potential on the cup. In the first case, secondary 

electrons from the surrounding surfaces were possibly the cause of this 

but it is more likely that it ~was due to leakage through the air as 

discusse~d below. The fact that no integration· was observed when the 

cup was at zero potential indicates the effectiveness of the maglletic 
I . . 

field in stopping secondary electrons from leaving the cup. In addition, 

the length of the cup and its large diameter together w:i:~h the magnetic 

field provided to trap the electrons, g;ave added assurru1ce that secondary 

electrons would not escape. 

· The only leakage point that .. needed correcting was the apparent 

conduction through the air and along the outside of the Faraday cup 

insulatoro Since the experiment was performed inside the qyclotron 

water barrier, the radiation field (neutron and gamma ray) present when 

the beam was on was' quite high. Vaf~ious checks, that were made with 

different sized discs and wires hring on the integrator cable, indicated 

there _was lea..lcage due apparently to the ionization of' the air by the ., 

radiation present. A further c..h.eck of this effect' was made with a one gram 

radium-beryllium neutron source. With the cable connected to the cup, 

the leakage rate was of the order of 65 mi.cro-micro-coulombs per minute 

and with the cable disconnected, 9 micro-micro-cou~ombs_ per minute. 

The leakage rate also, fell off inversely as the square. of the distance 

between the source and the cup., This leal{age was essentially eliminated 

by the use of an electrostatic shield- placed over the cup and put at a 



potential negative with respect to ground and of approximately the same 

value as that of the cup (see Fig., 19).. This made tba region around the 

cup and insulator essentially a field free region eliminating the leakage 

across the insulator. Leakage checks of the overall circuit with the 

various additions above, indicated a total leakage current of the order 

of 3 x 10-12 amperes. Henc~,, no corrections were made to N (the number 

of incident protpns) fo~ leakage in the integrating circuito 

Fig. 19 shows the general circuit used for integrating the current 
' 

and Fig. 20 is a photograph of the current integration equipment. An 

accurately calibrated precision capacitor of 1.075 micro~farad capacity 

was used to integrate the charge. An electrometer and galvanometer 

circuit was used to indicate the voltag~ on the capacitor. The voltage 

was actually maintained at essentially zero by means of an associated 

slide~back voltmeter circuit. The procedure used w~s to maintain the 

voltage of the integrating condenser as near zero as possible by con-

tinually increasing the voltage from the slide-back voltmeter. The 

galvanometer was utilized to monitor the zero point voltage. At the 

end of a run the voltage on the slide~back voltmeter, vmich was required 

to completely and exactly neutralize the accumulated charge on the 

condenser, was measured with a Leeds and Northrup t.ype K potentiometer 

and a General Radio type 654A decade voltage divider., A small drift in 

the electrometer was always present even with the capacitor discharged. 

A correction for this was applied by noting the zero drift at the end of 

each run., 

The· integrating capacitor was calibrated by means of comparison 

with a standard capacitor made commercially by the General Radio Compa~ 

ny. This s.econdary standard was checked against the capacity of a 

Bureau of Standards calibrated condenser.. The comparison was made with 
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FARADAY CUP and CURRENT INTEGRATING CIRCUIT 

Figure 19 
MU 2277 



, Fig., 20o 

CURRENT INTEGRATION EQUIPN~T 

The potentiometer and galvanometer for 
measuring final voltage are on the left., 
The rack contains, in order, the galvano~ 
meter, electrometer and slide back volt­
meter, condenser~ and decade voltage 
dividere 
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Fig. 20 
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a General Radio capacitance bridge by two different observers. The 

value given was lo075 ~ 0';,005 micro..:.farads. 

5o Exposure of Plates. 

In the discussion above, the essentj al features of the pro,cedures 

used for loading the nuclear plates, admitting the scattering.gas, and 

determining n
0 

.and- N have been outlinedo The exposure to be used for 

each run ·was determined from a preliminary run. In this-run-plates 

were exposed every 10 degrees at a pressure and current of 20 centi­

meters and 10 micro-coulombs respectivelyo Examination of these plates 

after development indicated the general exposure needed for various angles 

to take account of the large variation in cross section with angle. 

A background run was also made_ to determine the presence of protons 

scattered from water vapor and other impurity gases other than those 

knovm to be present in the helium. This run was made following the 

same procedure used in handling the system for a regular exposure ex­

cept that no helium gas was admittedo The use of this data will be 

discussed latero 
)' 
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CHAPTER VI 

BEAM POSITION AND ENERGY 

In principle, the beam position in the camera can be determined from 

the mean energies of the scattered particles at two angles, one on each 

side of the beaml8• This is based primarily on the fact that, with the 

extreme care with which the camera deffning slits were machined, the angle 

between two plates is known with great accuracy. Thus, if er represents 

the arigle included between two slit systems on each side of the beam and 

e is the unknown angle between the beam and one slit system, -then this angle 

can be determined b.1 the following method. 

Beam -

2 

The mean ranges of the particles at the two angles are measured by the 

same observer under identical conditions. The plates used 'must, of course, 

be from the same run. From the range energy relation for--nuclear emulsion, 

the beam energies can be determined.· By applying suitable corrections . ( 

for energy loss between the scattering center and the plate, the mean ener-

gies of the scat~ered particles can be obtained. From the scattering 

mechanics for the proton-helium case, we have 

E1/E0 = 1/25 (cos e + J16 - sin2e)2, 

and for the two angle e and 9-1-9 we' can write 

E1 (cos 9 + /16 ;;_ sin2e )2 

E2 (cos(B'=8) +j 16 - sin2(G'=e))2 

18 L. Rosen, F. K. Tallmadge, and J~ H. Williams~ Phys. Rev. 76, 1283 (1949). 
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By s9lving ~his relation fore as a function of EJ)E2 and G1 , the calculated 

value for the angle G can be determined. The difference, between this value 

and the specified value for the camera will give the true beam position. 

The solution of this gives a quadratic equation in tanG of.the form 

where 

and 

K1 tan2G ~ K2 tan 9 + K3 = 9 , 

K1 = .P (~1) 2 
- sin2s ', R2 = EJ.IE2 , 

K _ R3+R 
· 2 - ·· R2 

R,3 +R 
KJ= ~ 

sin 8 1 - 2 sin 8 1 cos 9' , 

cos e' + p. (R
2 R 1 )

2 
-(1 cos2e ') • 

The t~o possible solutions to this equation correspond to the case where 

plate #1 is on.the one side or the opposite side of'the beam. The particular 

value in question is easily determined by inspection. 

Several sets of calculations were made using the above method and 

they all indicated a small error but the direction was not uniquely deter-
. ' ' 

mined. The order of magnitude wa~·fairly consistent, about± 0.3 degrees. 

However, it was noted that the general trends in the direction of the error 

followed minor variations in the mean energy of the scattered particles as 

measured on the plates •. This indicated that the above method was too , 

sensitive to give a true indication of the beam position with the experi­

mental accuracy available. By examination of the resulting cross section 

curve· in the laboratory coordinat~system,' however; a definite trend was 
I 

observed in the points on the two sides of the beam and a value .of the 

beam position was determined graphically (see next section). 

Th.e ·determination of a value for the beam energy is somewhat more 

straightforward than the determination of the beam position. In fact, it 

· is one of the advantages of the nuclear emulsion detector that particle 

energies may be determined with considerable accuracy. This means that the 
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beam energy can be determined ·from -the scattered particle ·energies directly 

and there are no inte:r;-vening windows requiring additional corrections. This 

method gives of course the average value of the energy during a run. 

For the det_ermination of the beam energy·? the mean value of the proton 

range at each angle was obtained from the range distribution analysis. 

This gave the mean-projected-range on the surface of the emulsions. Correc-

· tions were made for plate angle and emulsion shrinkage in determining the 

absolute mean range of the protons in the emulsion and allowances were made 

for the energy loss in the gas between the scattering center and the plate. 

The energy loss in the gas was determined by calculating the emulsion. equi-

valent of the gas and assuming that the emulsion equivalent of one centi-

meter of air is equivalent to five microns of emulsion at NTP. The emulsion 

equivalent of the gas for each run was calculated from the relations: 

Ptarg 
76 

288 
5LS Tta.rg • = Emulsion equivalent in microns 1 . 

where L =path length in the' gas as determined from the ~center of gravity 

of the track density distribution on the plate. S is the stopping power 

of the gas with respect to that of air. This was determined over the energy 

interval in question from the range energy curves for protons in air and' 

helium calculated by Aron, Hoffman and Williamsl9. The value used was 

0.155 for the stopping power of helium relative to air for the energy range 

of three to nine Mev. The resulting values for the energy at each angle 

are given in Table C in Appendix III. The mean value of the energy from 

all the 47 plates was 9.48 ± 0.15 Mev. 

I 
~- . 

W. A. Aron, B. G. Hoffman, F. C. Williams, UCRL-121 (Revised) (1949). 
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CHAPTER VII 

EXPERIMENTAL RESULTS 

The. results of the ·measurements ·of the angular distribution for 
.-

the scattering of 9. 5 Mer protons from .;helium are _presente~ in tt.vo forms 

in the figures and tables of ·this section. The values for the differential 

cross section, corrected for background and impurity sc~~tering, calculated 

with laboratory angles as measured from the central axis of the camera;> are 

given ~n Table A. ~amination of this datap particularly at the forward 

angles, indicates that, the beam was not coaxial with the .camera but' was 

actually slightly off. For examplej the relative accuracy of the data in 

any one run is essentially limited- on~y by the statistics obtained in the 

counting. The values obtained from t~e plates .at 10 degrees on eac~ side 

of the beam should then be within 2 percent of each other. The actual 

difference, obtained was approximately 18 percent. This difference isy of 

course, high~y exaggerated by the sensitivity of the cross section to angle 

in the forward direction. The other forward angle plates~ however,· showed 

a difference which.? although no~ as lar.ge , was in the same direction. 

Further.? it should be noted that at the angles where overlapping data was 
; 

obtained.\) the difference between the values obtained from two different runs 
., 

fo: the same angle was well within the experimental accuracy. Ex:amination 

of the fu~l- curve~ for the relative positions of the points obtained from 

the t\-¥0 sides of the beam~ also indicated a general trend in the position 

of these points_in relation to the curve.· By plotting the data from the 
'; 

two sides of the beam separately and placing one curve over the other~ a 

uniform total shift of approximately 0.8 degrees in.laboratory system made 

the two curves coincide within the statistical accuracy of the data.. Due 

to the variation in cross section with sin 9p the'actual shift necessary, 

as determined by this graphical method.? was 0.4 degrees. Thus~ all the angles 
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TABLE A 

MEASURED CROSS SECTIONS AS A FUNCTION OF ANGLE/IN THE CENTER-OF-MASS 

SYSTEM AT 9.48 MEV INCIDENT PARTICLE ENERGY 

Cross Sections in barns, angles in degrees • 

... 
.. e . .n. do-' ( .n)/d w* 

1 2 4 5 6 
10.0 12.5 1.1597 
10.0 12.5 0.9701 
12.5 15.6 0.6703 
12.5 15 .. 6 0.6192 
15.0 18.7 0.5414 
15.0 18.7 0.5022 
17.5 21.8 0.4817 0.4668 
20.0 24.9 0.4093 0.3958 
22.5 28.0 0.3812 
25.0 31.1 0.3550 
27.5 34.1 0.3408 
30.0 37.2 0.3095 0.3055 

. 32.5 40.2 0.3034 0.3118 
35.0 43.2 0.2788 
40.0 49.3 0.2380 
42.5 52.1 0.2333 
50.0 61.0 0.1711 
52.5 63.9 0.1675 
60.0 72.5 0.1190 
67.5 80.9 0.0825 
70.0 . 83.6 o·.o713 
72.5 86.3 0.0655 
80,0 94.2 0.0429 
85.0 99.4 0.0322 
90.0 104.5 0.0277 
92.5 107.0 0.0251 
97.5 111.8 0.02305 

100.0 114.2 0.02203 
102.5 116.6 0.02305 
110.0 123.6 0.0272 
115.0 128.1 0.0333 
120.0 132.5 0.0392 

... 122.5 134.7 0.0423 
130.0 141.0 0.0527 
135.0 145.2 0~0563 
140.0 149.25 0.0671 
142.5 151.25 0.0682 
150.0 157.2 0.0807 
152.5 159.1 0.0804 
160.0 164.9. 0.0863 
162.5 166.8 . 0.0859 . 170.0 172.5 0.0939 
172.5 174.4 0.0941 

~t- Data tabulated according to its run. 
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on one side of the beam were increased b.Y 0.2 degrees and all the angles 

on the other side were decreased b.Y this amount. The resulting data is 
I 

P~()tted in Fig. 21 and tabulated. in Table B. In the figure the data 

obtained from the two sides of the beam is distinguished by the open and 
' 

shaded circles. 

For the data at each aiJgle approximately 2500 tracks were counted giving 

a standard deviation of ± 2 percent. The point at 60.2 degrees in labora-
1 

tory system, however, was obtained from a plate exposed in the first or 

preliminary run. A preliminary analysis of this plate was made shortly 

after the run. Later the plate had peeled so badly that further tracks 

could not be counted with sufficient accuracy and so the preliminary count 

was used. Thus, only 547 tracks were counted for this point giving approxi-
c) 

ma.tely ± 4.3 percent statisti~~al accuracy. 

In general, the internal consistency of the data for each run indicates. 

an accuracy within the counting statistics. At the check points between 

runs, the differences are less than 3 percent~ which gives an indication 

of the reproducibility of the experimental conditions from run to run, as 

well as giving some confidence in the absolute aqcuracy of the data. One 

region of the c~e, however~ shows a~ anomaly ·which has escaped an explana-, 
tion. 'fhis is at the center-of-mass angles of.}7.4 degrees and 40.0' de-

grees. The consecutive values of the cross section in run number six as 

shown by crosses on the curve in Fig. 21, are reversed in magnitude over 

the values expected from the general slope of the curVe at this point. 

From the relative values of the overlapping data for these angles from run 

four and the shape of the curve at this point, it is very unlikely that 

any structure in the curve exists· as indicated qy this data. Repeated checks 

of the d~ta and the associated calculations have failed to clear up this 

point. The ·anomaly in these two points is outside the 2 percent statistical 
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TABLE B 

MEASURED CROSS SECTIONS AS A FUNCTION OF ANGLE IN THE CENTER-OF-MASS 

SYSTEM AT 9.48 MEV INCIDENT PARTICLE ENERGY 
.·?,·. 

(Laboratory angles shirted 0.2 degrees) 
I 

,. 
do (.a)Ldw {barns} · e ..D.. 

1 2 4 5 6 
9.8° 12.2° l.J,.415 

10.2 12.8 0.9947 
12.3 15.3 0.6596 
12.7 15.9 0.6294 
14.8 18.4 0.5336 
15.2 ' 19.0 0.5086 
17.3 21.5 0.4754 0.4662 
20.2 25.2 0.4126 0.4018 
22.3 27.7 0.3780 
25.2 31.3 0.3580 
27.3 33.9 0.3382 
30.2 37.4 0.3116 0.3076 
32.3 40.0 0.3016 0.3099 
35.2 43.5 0.2804 
40.2 49.5 0.2392 
42.3 . 52.0 0.2322 
50.2 61.3 0.1719 
52.3 63.7 0.1668, 
60.2 72.7 0.1195 
67.3 80.6 0.0822 
70.2 83.8 0.0715 
72.3 86.1 0.0653 
80.2 94.5 0.0431 
85.2 99.6 0.0322 
90.2 104.7 0.0278 
92.3 106.8 0.0251 
97.3 111.7 0.02302 

100.2 114.4 0.0220 
' 

102.3 116.4 0.02302 
110.2 123.8 0.0273 
115.2 128.3 0.0333 
120.2 132.7 .0.0392 
122.3 134.5 0.,0423 

..... 130.2 141.2 0.0527 
135.2 145.4 OJ)562 
140.2 149.4 0.,0669 
142.3 151.1 0.0686 
150.2 157.3 0.0802 
152.3 159.0 0.0809. 
160.2 165.0 0.0854 
162.3 166.7 0.0867 
170.2 172.6 0.0922 
172.3 174.2 0.0967 



accuracy and the internal consistency of the data above and below this point. 

To facilitate comparison of the results of this experiment with that 

of earlier work at lower energies~ the differential cross sections at 1.49-~ 
,. 

2.02- 9 2.53- 1 and 3.5S Mev are compared with the curve at 9.4S Mev in Fig. 22. 

The lower energy data is that of Freier et a12° taken at Minnesota. It is 

interesting to note the similarity in shape of the angular distribution 

curves at _3. 5S Mev and 9.4S Mev. The minima occur at approximately the same 

angle in the center-of-mass system and the two curves are nearly parallel 

at angles greater than about 60 degrees. As expecteds however, the 9oulomb 

scattering becomes significant at a lower scattering angle for the higher 

energy case. It is also interesting to note the sudden change in shape of 
I 

the angular distribution between 1.49 Mev and 2o02 Mev. Actually the change 

in shape occurs between L70 Mev and 2.02 Mev as indicated inreference (3). 
'\ 

(This curve was left out of Fig. 22 ~o avoid confusion with the other data). 

This change in shape appears to occur near the resonance energy of the Li5 

state at l.S Mev21.· For comparison purposes the calculated curve for 

ordinary proton-helium Coulomb scattering is plotted in the same figure. 

The techniques used in obtaining the data from the nuclear plates were 

discussed in Capter IV. Certain corrections were made to the raw data to 
. . I 

correct for the effect of the absorbers used at the forward angles, for 

inherent background and for scattering from impurities in the gas. The 

correction for absorbers at the forward angles was made for the loss of parti-
I' 

cles in a given swath width due to multiple scattering in· the absorber. The 

amount of the correction was determined from data supplied by the Microscopy 

Laboratory at Los Alamos. This data was obtained ~sing the graphical method 

20 
See reference· ( 3). 

21 W. F. Hornyak~ T. Lauritsen~ P. Morrison9 and W. Fo Fowler, Rev. Mod. Phys. 
22, 291 {1950) 0 
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devised by Dickinson and Dodder22. 'The correction amounted to approximate~ 

6 percent f?r the 0.008 inch aluminum absorbers used. In addition, correc­

tions were necessary for the scattering of protons from water vapor (oxygen) 

given off from the plates and from impurities» mainly nitrogen, in the 

scattering gas. The former is called background scattering and the latter, 

impurity scattering. 

The necessary background corrections were determined from the analysis 

of plates exposed in a background run. The number of tracks per centimeter 

swath width which would have been included in the normal counting at each 

angle was determined from the range analysis of the background plate at 

the same angle. This number ~as normalized for the rate of rise taken prior 

to each run as compared to that of the background run and, for the inte-

grated current used. The correction amounted to less than 1 percent at 10 

degrees and above 20 degrees was small enough (~0.03 percent) to be neglected. 

The correction for impurit3 scattering was based on pure Coulomb 

scattering. By calculating the expected mean proton ranges of particles . . . . 

scattered from nitrogen and comparing this with the accepted range for count­

ing tracks on each plate, the angles over which a correction had to be 

applied were determined. It was found that below 37~5 degree~, particles 

scattered from nitrogen or oxygen would not be resolved from the main proton 

peak. As a matter of confirmation of this.., tracks of range longer than the 

accepted we~e noted on plates at angles from 40 degrees and above. These 

tracks were not counted. 

In order to dete~ne the amounts of impurities in the helium gas used, 

an analysis was made of the ga~ by Dr. Amos Newton of ~the Radiation laboratory 

using a Consolidated 1800 Focusing Mass Spectrograph. The results of this 

22 W. C. Dickinsonand D. C. Dodder, Los Alamos Report LA 1182, (1950)~ 
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analysis showed the primary contaminants to be hydrogen,- 0.02 percent, 

nitrogen- 0.02 percent~ and oxygen- O.OJ. percent. Using these figures 
-. 

and the cro~s 9ections for the 9ou1omb scat~ering of-protons from nitrogen 

--and oxygen (see Appendix IV) corrections were determined for impurity 

scattering.. These amounted to approximately one-half percent a.t 10 degrees 

and were completely negligible at 20 degrees. No corrections were neces­

sary for the hydrogen present due first to the smaller proton=proton scatter­

ing cross section in this energyrange23_ and~ secondly.~~ to the fact that 

the ra.ri.ges would be resolved above 15 degrees. 

Above 20 degrees there were rio other corrections made to the number 

of tracks counted per centimeter swath width. One 'other source of back-

ground is open to question~ however. This enters in the low energy "tail" 
i 

of the range distribution peak. The incident proton beam was not mono-

energetic and had a low energy tail from the nature of its production. This 

would, likewise 9 introduce a low energy tail oh the range distribution. 

On the other hand» protons .scattered by the slits would lose some energy 

and would contribute to this effect. In making the selection of the lower 

energy limit for acceptible tracks on theplate» this had to be considez:ed. 

From an e~nation of th~ range distribution curves for each plate~ it 
) 

appears that the selection of ranges used would take care of this effect. 

Further corrections»_ if any» would be less than 1 percent and open to 

considerable error. Thus~ none were made. The effect of multiple scatter-

ing in the gas was also investigated. The loss of particles due to this 

effect was found to be ~ompletely negligible. The largest effect would 

have been at the bac~ward angles where the scattered particle energy is of 

the order of 3 Mev. Calculations (based on Reference 22) indicated that less 

23 . ; - R. R;, W~lson~ Phys. Rev. 71~ 384- (1947). 
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than one ·percent of the particles would be deviated by only a few thousandths 

of a degree and 9 henc~, the_effect was completely negligible. 

As indicated previously~ the relative accuracy of points obtained on 

the same run should be goo~ to the standard deveiation of the counting 
' -

statistics. This was approximately 2 percent for each pointo The absolute 

. accuracy of the data will depend, in addition, on the experimental"accuracy 

in obtaining the data. The factors whose errors enter into the overall 

accuracy of the data are the current integration, the gas pressure and 

temperature measurement~ personnel factors in reading the plates, the cali-

bration of the eyepiece reticule in the microscope.,and the :neasurement of 

geometrical factors of the multiplate camera. 

The accuracy of the current integration depended primarily on the 

calibration of the' integrating condenser., The method used for 'this has 

already been discussed. The capacityof the standard capacitor used was 

.given to : 0.1 percent. From the spread of values obtained in making the 

calibration~ the integrating capacity was given to ± 0.5 percent. A pre-

cision voltmeter was! used to measure the volta,ge and. the zero drift of the 

electrometer circuit was included. Thus, a probable· error of 1 percent 

appears tc be a conservative figure. 

Measurements of the gas pressure were made 'with a precision cathetometer 

by at least tw9 observers. From the· reproducibility of the measurements, 

and the necessary application of a correction fo.r expansion of the mercury 

in the manometer, the probable_error to be assigned to the gas pressure 

measurement is ± 0.2 percent. The temperature of the gas was measured to 

-~ 0.1 degree out of 25 to 30 degrees giving a probable error of ± 0.5 

degrees. 

The probable error in meaflurement of Y, the yield;on each plate is 

somewhat difficult to assign. Frequent checks of th~ count on a single 
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swath by two observers indicated, however,' an overall accuracy of better 

than 1 percent. Since these·checks were made under possibly very favorable 

conditions, a more conservative figure for the probable error due to 

personnel factors would be ± 1.5 percent. For the calibration of the 
~. 

reticule, from the spread .in values obtained, a probable error ± 0.4 percent 

can be assigned. 

The measurements of geometrical facto,rs for the nuclear plate camera 

have an estimated probable error. of less than 1 percent~ These are: 

a,b- 0.5 percent;~- 0.1 percent; Las measured on the plate- 6.l.percent. 

The resulting root mean square probable error for the measurements 1 

which enter into the cross section calculation is 2.06 percent. Consid~r­

ing the average statistical accuracy of 2 per
1
cent, a figure of ± ~. 9 

I 
I 

percent for the absolute.standard,error can be assigned to all points 

in the angular range of 25 - 175 degrees (CM). The point at 72.7 degrees 

(CM) due to its statist~cal accuracy of 4.3 percent can be assigned a 

probable error of ± .4.75 percent. At the more forward angles where large 

corrections are needed for the absorbers, an absqlute standard error ± 5.0 

percent can be assigned. 

With regard to a possible excited_state in Li5 being observed, the 

range analyses of each plate were examined for possible lower energy proton 

None were found. In addition, during the counting of some of· the 

plates, possible groups of particles of shorter range were looked for but 

here again there were no particular ranges that appeared to occur more often 
• 

than others. Thus, at the incident particle energy used in this e?,?eriment 

and under the experimental conditions used, no excited state of ~was 
observable·. 
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APPENDIX I 

THE CRITCHFIELD FORMULA 

The formula for the differential cross-section per unit solid angle 

in terms of the yield of particles in a swath of width w on the photographic 

detector was discussed in Capter II, section.'l. The results of the computa-

tion of the quantity I, defined by 

I- JJ w sin¢ 
R.2 dy dx , 

where given there. The derivation of this result was originally worked out 

by Dr. c. L. Critchfield, Professor of Physics at the University of Minnesota 

and Consultant to the Los Alamos Scientific Laboratories. The following 

computation is based on his notes. 

Let the path of the scattered particle be along the line R {see Fig. 23A). 

Assume the particle is scattered from a point at a distance y from the scat-

tering center (defined by the intersection of the center line through the 

slits with the beam axis). The particle enters the emulsion at a point which 

is at a distance x from the center of the plate (determined by the inter-

sAction of the center line through the slits with the beam axis)~ Then 

a strip on the plate of width w will receive a number of scattered particles 

which will be proportional to 

d2I = wdx dy s:i.n¢/R2 , 

where ¢ is the angle between R and the detector plate P. The total number 

of particles detected in the swath w will then be proportional to the integral 

of this expression over x and y. The limits of the integration will be 

determined by the half widths of the defining slits, i.e., a and b. 

It would be more convenient to transform to coordinates which have in-

dependent limits, thus we transform from x and y coordinates to coordinates 
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in the planes of the slitso Let r be the distance from the axis at which 

R passes through the first or inner slit. Let ~ be the same coordinate for 

the second slit. We obtain expressions for x andy in terms ofy and~ and 
I 

the geometrical constants from the similar triangles formed by the slit 

··detector'- geometry •. - (See Fig. 23B) We must also express sin ¢ in terms of 

the angles Q. and a and the distance R in terms of y, ~; and functions of 

Q and a.· 

. From the geometry we have the· following relations: 

tan (¢ - a) = y sin Q - y = ~ + x sin a 
n - y cos Q 

R 
L - y cos G - x cos a 

sin 

= 

cos 

m - x cos a 

le 2 + (y-~)2 
,.L 

(¢-a) : j.£2 + (y-~)2 

From these relations the necessary relations for x, y, R and sin G 1 arE! 

obtained. These are: 

X = 
.£sin a + ( Y-~) cos a 

.Lsin G + ( Y-~) cos a 

R = ~ [L - y cos G - X cos ~ j£ 2 + ( Y-?-) ~ 

sin ¢ = sin [c¢-a) + ~ = (y-@) cos a + L Jin a 
jt2 + (y-~)2 

(A) 

(B) 

(C) 

(1) 

(2) 

(J) 

(4) 

The next step is' the evaluation of the Jacobian for the 'transformation 

of the differential elements, i.e. 

J(xy) = ~fyj~ = ~~ ~ ~ ~ ~ ~~ • 



From equations 1 and 2 we obtain by partial differentiation: 

OX m- X COS i:t 
ay =~in a + (y-~)cos a 

ax_ -(m+.£) + x cos a 
; 6~- .Lsin a + (y-~)cos a 

'2_L n + .1. :.. y cos Q 
a y = .t"sin Q + (y-~) cos Q 

£L_ - n + y cos Q 
; a~ -_..esin Q + (Y-·~)cos G 

For the Jacobian we have 
m - x cos a 11 + .1- - y cos Q 

J (xy) = 
. -(m + ,l) + x cos a -n + y cos .Q 

6 (xy)-
S(y~)-~sin Q + (y-~) cos QJ[!sin a+ (y-~) cos a] 

Expanding the numerator gives 

J (xy) == 
[t - X COS a ..,. y . COS 0] ,i 

[!sin G + ( y-~) cos ~ • ~sin a + ( Y-~) cos a] 

The expression for d2I can now be evaluated; 

2 w sin¢ 
d I = R2 J (xy) dy d~ e 

Substituting equations (3)~· (4), and (5) into (6) gives 
' 

w 1. '3' [ ( y-~)cos a + fsi~ a J dy d~ 

NOTE: the similar bracketer terms in numerator and denominator are not 

cancelled out to make the treatment simpler. 

Let 

X = [L-y cosQ -. x cos~ 

which makes the dendmi~ator 

[ f sinQ- (y-~)cos~ [esin a-( Y-~) cos a] , 

X o ~ 2 + ( y-~)2] 312 
o Substit'\).ting in X 

for x and y and expanding yields the final expression for X: 

( 5) 

(6), 

X • L £sinQ sin a [.t• [cot g - cot a]} , 



:. 

and 

x·[i2 + (y-~)2 J 3/2 

w i-3 [i + (r=~) cot aJ dy d@ . 

Further simplification is possible by setting 

p ;:: 

Then 

and so 

m (cot, a - cot Q)' 
Q = 

L 

w..e2· 

w d '( d~ 
"----

(m +~) (cot a= cot G) 

L 

.· [!. + ( Y=~) cot a] dy d~ 
fl+ (y=~)cot a·~. (Py-Q~) 

1 

= L,lsin Q [1 + (Y~~)~ 3/
2 Py - ¢~ 1 

= L+ ( y-~)cot a 

.. 

( 7) 

' 

These two terms can be expanded in series forme The first term is of the form 

K (1 ! u)3/2 = K (1 - 3/2 ~ + 15/8 u2 + ==) 

while the second term is of the form 1__1__ = 1 + u + u2 + --=o 
= u 

Such an expansion gives 

The second bracket term can be expanded further~ 

' . I 

cot a · + (Y-J)
2 

cot2a +-o-J ' 
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Retaining only second order terms in y and ~ gives~ 

d
2

I == ~J~~~G [1 - ~ (~~)2J[ 1 ~ P:£Q~ {1 - 1 ¥ cot a]+ (~2] 

== w dy d~ [ _ 2. (.Y::&.'2 .. · Pv-QI3 
L.isinG 

1 
2 ~) + ).-

• 

Expanding the integrating over y from -a to +a and over ~ from -b to 

+b gives tne final result for I: 

with 

p = m(cot a - cot G) 
L 

Q = (m+t)( cot a = cot G) 
L 

' 

This treatment~ it should be notedj does not include corrections for 

the finite width of the beam, for variations in do-' ('d)/dw with R or for 

the finite swath width w. The first correction has been idscussed in Cap-. 

ter 2 and can be neglected. Li~ewisej the third correction is also 

negligible. Concerning the second~ Critchfield says, "Of the neglected 

correctionsj the only one that might amount to something is the correction 

to the differential cross section f()r different angles of scattering 

.(through the slit system).'' Thus using cr(Q) for do-(Q)/dc.J an expa_nsion 
~ 

can be niade in Taylor's series form 

o-(Q + ¢-a) ..; rr (G) + (¢=a) o-' (0) + 

~ o- ('d) + (Y=$/L o-' (G) 

= o-(Q) tl +(I -@/e- o-- 0 Q/o-G } 1 

sin'ce ¢-a is small and 

tan (¢-a) "' (¢=a) = Y=~U 

In its interaction with the term(Py-¢~/~in the expression for d2I above, 
" 
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this correction leads to the additional correction term 

1 + ' 

since indeed 0"' (r;;;)ja- (r;;;) will be a relatively small term, it will make 

this second order correction term even smaller and hence completely 

negligible. Calculations also show that the maximum value of the correc-

tion to the simplified cross, section. formula used in this experiment is 

less than 0.1 percent. This occurs in the neighborhood of 90° in the 
' 

laboratory system •. / 
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APPENDIX II 
I 

COLLISION MECHANICS FOR PROTON=HELIUM SCATTERING 

The general expressions for certain of the fundamental quantities in 

elastic scattering and their transformation to center-of mass ( C.M.) 

coordinates have been discussed in Chapter II. These ralations will be 

derived below based on classical non=relativistic mechanics. 

Consider a particle of mass M1 initial velocity V0 and initial energy 

E0 incident on a stationary particle (in the laboratory system) of mass M2· 

Assuming elastic scattering to occur~ the products will be the two particles 

of mass M1 and M2 but these mpve off with new velocities v1 and V2 and 

energies E1 and E2 respectively in the labora~ory system. Follovdng some­

what the notation of Carlson et al24. The scattering process can be pictured 

as shown below: 

It is convenient in dealing with scattering data to refer the cross 

sections to the system of coordinates in which the center of .mass of the two 

particles is at rest. 
r 

In the figure then Q is the proton scattering angle 

in the laboratory system while ..n..is the proton angle in the center-of-mass 

system. In this system, it should be noted that the two particles are 

24 B. Carlson, M. Goldstein, L. Rosen, and D. Sweeney, La-723,(194~· 
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approaching each other and after the collision they go off in exactly 

opposite directions. 

Applying the conservation of momentum to the process we note that 

the momentum before the col~~son is the same in either system so: 

which gives 

(1) 

Since M1 = 1 and M2 = 4 in the proton helium case, then 

Vern '"' 1/5 Va = 1/5 /2 Eo (2) 

From the vectors in the figure we note that the following relations 

hold before the collision: 

(1) Velocity of the proton in the C.M. system, is 

- --Vlcm = Vo - Vern (3) 

(2) The velocity of the target nucleus in the C. M. system' before - -collision is V2cm = - Vern. 

These give - - - - -VHecm = - 1/5 V0 , and Vpcm - - 4 VH~m- _= 4/5 V0 (4) 

Applying the conservation of energy during the collision gives the 

condition that the kinetic energy in the center-of-mass system is conserved 

during the collision., The total kinetic· energy after the collision is 

equal to the available kinetic energy before the collision • 

Thus, 1/2 M1 V1cm2 + 1/2 M2 v2cm 2 = incident energy less the kinetic energy 

of the center-of-mass. This latter quantity is ·obtained from: 

Substituting from Equation (1) gives 

( 5) 
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For the proton~helium.case, 

The expression for the conservation of· energy becomes 

( 6) 

To determiqe the center-of-mass angle·from the known laboratory angle for 

the scattering process, the geometry is again referred to. Applying the law 

of sines to the tipper t'riangle 
I 

sin G 
. Vlcm ( 7) 

and likewise G + b = 0 the center-of-mass angle. From' equations (1) and ( 3) 

the velocity of the incident particle in the center-of-mass system becomes 

~= 
/t:fl 

Substituting for V1cm and Vcm in Equation (?) gives 

sin 8 = M1 sin €!· \ 
M2 

Thus11 ..n. = . G + sin-1 ( 1/4 sin G) 

for the proton helium collision. 

PM~ -(S) 

( 9) 

In determining the relative intensity of the scattered particles in the 

two coordinate systems, note that these are inversely proportional to the 
I , , ' 5 

elements of solid angle in the two systems. T~ms , 

and 

I ( .n.) 2 n sin .n.. d ..n. = I (G) 2 · n sin G d G 

I (.n.) 
I ( Q) = sin G 

sin .n.. 
d G 
d.n. 

In order to convert the cross section in the laboratory system to 

(+O) 
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the center-of-mass system~ the right side of this expression must be 

evaluated. From the figure again~ 

Vcm = vl cos Q - V~cm cos ..n. ~ 
(11) 

Vlcm vl 

sin Q 
·-

sin ..n. ' (i2) 

and from the law of cosines 

(13) 

Substituting for Vlcm' Vl and Vcm in Equation (11) gives 

(14) 

' 

Differentiating this with respect to ..n. considering ;E1/E2 as a function of ..n. 

gives 

-sin ..n. = - sin Q 

To ~etermine ElfE0 as a. function of .n, Vcm and V1cm are substituted into· 

expression (13). This gives 

El 
~ = A + B + '2[AB cos .!1. , (15) 

where A = MJ2 Mz2. _ 
(Ml + M2)2 and B .. (Ml + M2)2 

. 

Then 

~n(~ c 2./AB sin .n.. 

This gives 

.~ 
s1.n..o. = -~~ dQ fEi.lEo 

sin G d.n. - 1/2 j -,r- cos Q 2/AB sin n _ . 



-94-

Then the final expression for the intensity ratio is 

I (.n.) 
I (G) 

s·in Q dQ 
=I" • · s1n :..n.. dO. 

= jB (El/Eo)
1

/
2 

- /AB cos G 

El/Eo 

To determine the energy ratio E1/E0 in terms of the laboratory 

scattering angle Q equation (12) gives 

sinG = sin .n_ .. 

and to determine an alternate expression for cos .n. the expressions for 

V1 and Vlcm are substituted giving 

sin Q = JB / E0 /E:l_' sin ...o_ , 

and from this 

Substituting this expression for cos ..n.. into Equation (15) gives 

ElfEa = A + B + 2 /AB ~ A E1/Eo sin2 G 

The solution of this for E1/E0 'gives 

In the proton-helium scattering case the incident nucleus is lighter 

(16) 

(17) 

(18) 

(19) 

than the target nucleus and it is scattered with a single discrete energy 

in an elastic encounter. Thus Y only .one solution for EJ./E0 has physical 

significance a This must be the solution with the positive sign as can be. 

shown by the result when G goes to zero at which point ·Ei = E0 o Substituting 

the numerical values for A and B gives 

. \/E0 = 1/~5 (cos G + / 16-sin2,;;'/, (20) 

and I (.!1_) :: 
I ( G) = 

0 (21) 
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In a similar way the expression for E2/E0 may be obtained. Applying 

the law of cosines to the lower triangle in the figure gives 

(22) . 

Substituting for V2cm, Vern gives 

and 

By a similar process to that used above, an expression is obtained for cos~ 

in terms of sin ~o The subsequent solution for EQ/Eb is 

E2/E = 4 Ml M2 cos2 ~ 
0 Ml+f-12 

and 
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APPENDIX III 

EXPERIMENTAL DATA 

T~LE A.. 

EXPERIMENTAL DATA FOR VARIOUS RUNS 

GAS PRESSURE GAS TEMPERATURE 
(em Hg) (OC) 

20.0.31 25.15 

5.162 25.80 

20.400 28.20 

.37.280 
I 

26.80 

10 • .370 26.20 

T.ABLE B. 

INTEGRATED CURRENT 
(micro-coulombs) 

9.402 

4.412 

10.18.3 

27 • .374 

5.552 

GEOMETRICAL CONST.4NTS OF THE MULTIPLATE CAMERA 

Slit width: a = b = o.045" = 0.114.3 em. 

Slit spacing: £ = 2.875" = 7.55 em. 

Plate angle; 

Center axis: L = 16.066 em + distance from edge of photographic 

plate to center-of-gravity of proton track density 

distribution • 

i 



... 

Run 

1 
2 
4 ., 
6 

AVERAGE V 111 UES 

Nwnber of Plates 

1.: 
8 

14 
17 

7 

Average (Mev) 

9o60 
9 .. 48 
9o48 
9o45 
9 .. 53 

./ 

F 
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.APPENDIX IV 

COULOMB SCATTERING 

A. Proton-Helium Coulomb Scattering., 

In order that a comparison can be made of the effect of the combined 

nuclear and Coulomb forces· .on the angular distribution of the scattered 

protons with that of Coulomb forces alone the cross section for Coulomb 

scattering is calculated here.. The differential cross section in the 
·, 

center-of-mass system is given by the relation 

where M = reduced mass = is the center-of-mass angle and V 

is the relative velocity. This m~ be rearranged into the form 

do-(.a) cosec4 

dw 

For the proton-helium case g1 = 1, g2 = 2, M1 = 1, and M2 = 4. 

This gives 

d<r(a.) 

dw 

4e,4 

E 
0 

(f) 

(~)' 

Introducing the value of 9 .. 48-Mev for E
0

, the differential cross section 

for the Coulomb scattering of 9 .. 48-Mev protons from helium is 



d (j (..Q ) 
dw 
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= 9ol2 x 10-~ cosec4 ,~~), barns .. 

The cross sections for several angles that were used to plot the curve 

shown in Figo 22 are given in Table Io 

B. Proton-Nitrogen Coulomb .Scatteringo 

In Chapter VII the corrections for impurity scattering were dis-

cussedo The differential cross sections for the scattering of 9.48-Mev-

protons from nitrogen nuclei ate given hereo One is concerned with 

corrections to the number of particles recorded on the photographic 

plates in the laboratory systemo For this the differential cross section 

for Coulomb scattering in the laboratory system is 

;. ( 2r - Ml . 
do' (e) (H 0 2) . Je [cot e:. sc2e - Nlz) = 1 2 cosec 

' dW Mlv2 - I csc2e -(;~) 
2 

vmere v is the velocity of the incident proton and ~ its masso 

Since the initial energy E
0 

= 1/2 M1v2 this may be written 

d cr (e) r 
dw 
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For nitrogen g2 = 7 and M2 = 14o Hence, 

• \_ 

sin2e] 
2 

d 0"' (9) 0.0028.3 cosec4e 
[cos9 '· + /1- 1/196 

= .. 
d w jl - 1/196 sin2e 

The positive sign is used in the case of the proton-nitrogen case since 

the incident nucleus is lighter than the target nucleuso The cross 

sections used in calculating the correction for impurity scattering 

are given in Table II. 
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TABLE I 

DIFFERENTIAL CROSS SECTION ~ COULOMB SCATTERING 

Protons on Helium 

C.M • .Angle 
· (degrees) 

10 
11 
12 
15 
20 
25 
30 
35 
40 
45 

T1J3LE II 

do- (.o..) 

d\..0 

1.,5800 
1.,0800 
0.,7640 
0.,3540 
0.,1000 
0.,0420 
0.,0200 
0.0110 
0.0067 
0.0042 

DIFFERENTIAL CROSS SECTION - COULOMB SCATTERING 

Protons on Nitrogen 

(barns) 

LAB llng1e do' (9) 
d w (barns) 

10.0 
12.,5 
15.,0 
17.,5 
2o .. o 
22.,5 
25.,0 
27 .. 5 
30.,0 
32.5 
35.,0 

12 .. 276 
5.,039 
2 .. 439 
1.321 
0.778 
0.,489 
0.,322 !V 

0.,222 
0.158 
0.,116 
0.,086 
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