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CHALPTER 1

INTRODUCTION

The scattering of protons from helium nuclei has several aspects vhich
are of fundamental interest in nuclear physics, . First‘of ell, there is the
possible infor@ation which the angular distribution of the séaftered pro=-
ducts can give to aid in forming a theory of nuclear forces. The scatter-
ing of bfotons from light nuclei has yielded much of the info?mation on
which fhe present theories of nuclear forces are based, At p;esent,

\Eoﬁever, the theoretical interpretation of the scattering of pfotons from
heliﬁﬁ is ;imited to the treatment by phase shift analysis. The phasé'
shift analysis of the proton-helium scattering at lower energies l'(u;p fo
3,6=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 agpparently double valued but it is not possible with
the dafa availeble at present; to determine whether the doublet (iﬁ Li’%)

is normal or inverted. The data at higher energiés may help to clarify
this situation,

The second poinf of interest is in the search for excited states

| Py _ , !
of the gempewnd nucleus Bi5, The reaction involved here is:

He4 + HL —a Li5* —_ HeZPS + Hls

If one considers this reaction together with that of the elastic scatter-
ing, which mgy be written He4 + H: — Hes‘4 + H.sl then two or more

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

within certain energy limits., Thus, the existence of Ewo groups of protons
would give some information on an excited state in 315, As will be

mentioned later, no such effect was observed, However, it is possible

1 C. L. Critchfield and D. C. Dodder, Phys., Rev, 76, 602 (1949).

~
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that the incident proton energy is too high for the state to be observed.

In previous investigationsgﬂB, emphasis has been placed on establish=
ing the existence éf resonénce scattering due to an excited state of the
compound nucleus, A broad resonsnce in the backward scattering was ob=-
sérved in the neighborhood of 2=Mev incident proton energy, Earlier work
in the field was limited by themaximum available protﬁn energy.
Heydenburg and Rdberts4 used protons up to 1-Mev ip enefgy while in the
earlier experiments on the scattering of alpha-particles by hydrogen5,6,
the meximum availsble alpha=particle energy was 8,5-Mev, This‘corresponds
to a maximuﬁ indicent proton energy of 2,l«Mev, Thus, in this work the
availablevenergy was too qu to ovserve the resonsnce effect,

In the present work the scattering measurements were limited fo one
incident energy, thaﬁ of 9,5-Mev, However, the existence of inelastic
scattering could be established és mentioned gbove since nuclear research
emulsions were used for the detection of the scattered particles, Sinée
the emulsion is continuously sensitive to all ranges:of particles, a per=
manent record is_provided‘of all the scabtered prqducts that appeared under
the conditions of a particular run, Thus, if thefe are two ranges of
protons present in reasonable numbers, these woulé be détécted,v With ihis

data, the energy range investigated for the scattering of protons by helium

2 N, P, Heyeﬁburg and N, F, Ramsey, Phys, Rev. 60, 42 (1941).

3 Go Freier, E, Lempi, W, Sleator.and Jde He Williams, P.'hysf°
| Rev. 75, 1345 (1949%. « )

LA |

4 N, P, Heydenburg and R, B, Roberts, Phys. Rev. 56, 1092 (1939).
5 J, Chadwick and E, S, Bieler, Fhil, Mag, 92, 923 (1921),

6 ¢, B, 0, Mohr and G, E, Pringle, Proc. Roy. Soc, 160, 190 (1937),
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" nuclei has been extended from 3,5-lMev to 9,5=Mev, The anguiar range

covered has also been extended to 172,5 degvrees» in the l_abora'l_:ory co
oirdinateé, Af_l.so, sufficient points havé been measured to rule out the
existence of any fine structure in the angular distribution curve,

The .general nature of the pre‘sent_ experiment was the scattering
of 9, 5=lev protons from a "thin" helium gas target snd the measure- .
mep-t .oi‘ the angular distribution of the scattered products by means
of nuclear emuls:i_.ons, - The 20=Mev molecular 'hydi'ogen beam from the
60" cyclétron in Crocker iaaboratozy was used as the sdurce of the pro-
tons; The scattering chamber and associated equipment, which was, ‘
developed at the Los flamos Seientific Leboratories 7 , was used in
the present work with the kind permission_ and assistance of Dr.'.','.

Louis Rosen,

7 3, G. #llred, L, Rosen, F, K, Tallmadge, and J, H, Williams,
Rev., Sei, Inste 22, 191 (1951). .
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CHAPTER 11

ASSOCIATED THEORY

1. The Cross Sectidh Formula,

As already aiscussed, the experiment to be described involves
the measurement of an angular distribution of particles_scattered from
nﬁclei in a region in the center of a séattering chamber, Distributions
of this type are usually expressed in terms of the differential cross
section per unit solid angle, This quantity mgy be considered to |
represent the effective geometridal cross section of a target (helium)
nucleﬁs to the incident beam of particles (protons) fér the occurrence
of the scattering process,

Let us consider first theybasic concept of the cross sectionifof

the scattering process, The totoal number of scattered particles (Y)

.from a given processcwill be proportional to the number of incident

particles in the beam per unit area (N) and the number of scattering
centers (ny). Thus, ‘y < Nng. The constant of proportionaiity is
known as the cross section for th; process, Thus,
Y= oling»

whére o 1s the total cross section, It also may be considered as the
probability for the process to occur, - | . |

. Another way to develop thé conecept of cross sec£ion is £o consider

a flux of N* particles/cm3 moving with velocity v cm/sec, Then

consider this inéident on a foil containing n particles per em?, The
rate for tﬁe process (i.e., the numﬁér of scattgring events per second
in this case) will be given‘by

R = onlN'v,



{\»i;‘
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where o 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

mst dgtermine the total number (flux) of particles incident ‘on the

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

per unit area and the total number of scattered particles prbduced°

In thé measurements involved}in this experiment, as a matter of
experimental convenience, the process was observed at different angles
to the beam and the sngular distribution sbout the scattering center
ﬁas determiged 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 measuremgnt 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 8, Thus, one measures the

yield over a small element of the solid angle around the scattering
éenter° The expression for this element of the totsl yield may be
written. | |
dy‘=vnN do(8) gw,
dw
where éig&?l is the differential cross section per unit solid
ahgle (steradian) and dw is the element of solid angle, 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 sbove relation n is the number of target nuclei per em?,
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To transform this to the case at hand, that of scattering from a volume
of gas, the target foil mgy be considered as a cylinder along the axis
of the beam of length A and of radius smell compared to the distance

to the detector, Then we mgy write

&y =ng AN Q_Qéégl dw .

Here ngy is the number of gas nuclei pef unit volume and N is the total
number of particles passing through the sca:btering.vdlume° This aséumes
essentially a line source of scatﬁering centers, Since the radius of
the incident beam is gpproximately 3/32 inches and tﬁe distance to the
detector is approximately eight inches, this would appear to be a falid
gpproximation, It can be shown analytically8 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 éonSider now the geometry of the collimation system used
in the ‘experiment, vFig, 1 shows the essential details of this
geometf:y° If can be seen from the figure that different elements of
the scattering "volume" will have & different éffectiveness in pro-
ducing "counfs".at the detector and that this effectiveness will vary
with the angle of scattering, In order to determine this, consider
an elemeht dy of the scatteriﬁg gas which is a distancé ¥y froﬁ the
center of the scattering "volume'", ;Suppése ﬁhat an event takes place
in this element and a proton enters the emulsién in an element of the

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

8 7, ¢ Llred, Los Alamos Laboratory Report, LA=981 (1950).
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plate-slit axls, The numberl of scattering centers in the element dy
along the axis of the beam is then ngdy particles per cm?, Es-
sentiglly dy is considered as the length which is effective in produc-
ing tracks at the point dx on the plate. Then the second differentisl

element of yield may be written
&% =n N 408  gaw.
dw
If Y is the number of scatteréd particles detected on the plate, then
Y=noN Q_a%@l ff dydw .

If this number of particles are counted in a swath of width w and
~-length dx alohg the plate, the element of area projected normal to the
direction of the scattered particles is w dx sin ¢ , where @ is angle
between the line between the eleménts dy and d# and the photographic
plate, This represents an element of solid angle w dx sin ¢/R2 where

R is the distance between dy and dx, Thus the yield is given by
Y =nN- __.L_.l,dd@ 9 f f ‘W’EZ"LM dydx.
w /J. ’

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

photographic plate detectors, the quantity

must be evaluated,
The development of this quantity has been derived by Professor
Co Lo, Critchfield of the University of Minnesota, The derivation is

given in Appendix I, The result is:

2.2 2+ o2 2 4 o2 1
Y = nelN dov () _Lebw - &+t bt Part+ Qb ot Pa Qb
10Y Tqw Lgsime 11T T 222 372 cot a* _BZZ—J



where

p = mlcota - cot8) ; Q : (m+ £)(cota =-cot®) .
L ‘ L

Thé}geometrical quantities a,b,¥,m,L .and @ are shown in Fig, 1;’ Thus
the detérmination of the diffefen’oial cross section involves the measure-
ment oi.‘ the nuﬁber of tracks per unit swath width; the total number of
incident particles; and 'Ehe number of target muclei per cn® and the
deteminétion’ of a geometrical factor from the dimensions of thg- ex—'
perimental equipment,

The ge‘ométrical correction factor (bracket term). to the cross
section formula is very héarly u:qity. The maximum velue, which occﬁrs
at apprbximat’ély 90 degrees is less 'Ehan Oe1 percent al;d,vh.ence, can be
neglectéd, The cross section formula may then be written:

do(8) . X £1.5in8
dw w ° nNeb 9
where & and b now represent the full slit width, not the half width.

A rather simple qualitative derivation of the cross section
formula msy be obtained as follows?. . Consider again the slits to be
of ﬁridth‘ a and b (instead of 2a_and 2b_);. To determine the effective
number of scatte:ing -centers, project the ‘f:j.rst s1it Dn‘b'O‘:'th'e,:’b‘e'am 'aXis.,‘
The length of the projection of this line is a/ sin®, °  Assume that on
'bhe average, particles that are scattered from nuclei_-gl_ong‘ this line

elemén‘b,” and that pass' through the first slit, will pass through the

9 3, G, Allred - Private commnication.
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seéond slit and be recorded on the plate, Thus; the effective number
of scatterihg centers is n,a/sin®, To determine the solid.angle sub-
tended by the detector at the scattering center, - = consider first the
“angle subtended by the seconé slit at the first. At each point of the
first slit, the second slit will subteﬁd epproximately the same angle,
iceo, b/f, Since ithas been aséumsd that particles coming from the line
element and péssing throuéh the first slit will, on the average, pass
thfough”the second siit to 5@ recorded by the detector, the anéle=sdb~
tended by the second slit at the first gives the horizontal c§mpdnent
6£ the solid angle of the detector. The ve;tical component is the
- _angle subtended by the swatﬁ on the detector of width w at the

scattering center, This is w/L, Thus

- . ’ dw =

Bl

b
Z
and since

Y =ngN A do(8) aw,
~ Taw

Wwe have, substituting the expressions for A end dw,

Y= nhoNeb w d o (6)

L{sin® dw

and
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'2, Mechanics of the Proton-Helium Gollision,
In order that the proper interpretation of the data obtained from

‘the nuclear plﬁte detectors mgy be madegrthe fundamental aspects of
_ the;séaﬁtering_of protons from helium nuclel are needed, The genergl
mechanics for nuclear collisions in the non=relativistic range are
dérived in Appendix IT with the particulér relations for the proton
ﬁelium case, The fundamental relations developed there and their
interpretatibn will be given here,

| h,In this experiment the primany purpose as discussed in Chapter 1
was the ﬁeasureﬁent of the engular distributioﬁ)fof the elastic gcata
tefing of protons, In addition the data was obtained in such a form
that’the'effects of an excited state of the Li” nucleus could be ob=
Asefved; Since theré was'nO'indicatiDﬁ‘in“thé‘data'of inelastic
ééllisions, ﬁhése‘ﬁill'not be disdusééd; 'For”thé<eiastic coliision

of high_ené?gyfprotonwaith5the‘heiiu@ gas,‘becanseiéf"theienergy

(or véibciﬁy).of the incident particles (protons), the'térget nﬁclei
(helium) can be aésumed at rest in the labogéto:y coordinate system, -
This is the sys%em,'at’rest with respect to the observer, in vhich the
experiment ﬁaS'performede_ The angles of stattering are the angles de=
fined;byﬂthércamera slit system with respect to the beam axis, The cross
section férmula'developed above was applied to the laboratory coordinate
system, It is cénveniegtp however, for the interbretation of the cross
section data to refer the scattering process to the coordinate system
in which the cehtef»pf'mass of the proténwhelium éystem is at rest,

In the léboratony system, of course, the center of mass is moving and

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

of-mass system the proton and helium nucleus are moﬁing”toward'each
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other, In general, we find that in the conversion from the léboratory

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

vert angles, energies and intensities,

Center-of-Mass Angle:

~7

....Q-=e '1'8,!

where 8 = laboratory angle and

8 = sin-l (1/4 Sine) .

Intensity Ratio,

" The relative intensities of the scattered pa’rticles_'in the two

:coordinate systems are inversaly proportional to the elements of

solid angle in the two-systems,

o

Thus I(a)onsinad o = I(8) 2nsindde ,
and I(e) _ sine 48
’ I(e) sing d&

The evaluation of this ratio gives

CI(e)  _. 4/25 J16-sin?e
1 _) o/, - (2)

®

where Ep is the scattered proton enérgr in the laboratory
system and E, is the incident proton energy.
Energy Ratio: |

2

_ 1 3 ‘ R 2
’EEE = 3z (cos6 * /16 - sin 9‘) . )
o
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In the particular process under consideration the ineident nucleus is
lighter than_the target nucleus and, hence, it is scattered with a
single discrete.energy in an elastic encounter, Thus, only one sign
is ﬁéed and this is.the plus sign. To see this; - . consider the

 equation as @ — 0, for which By = E_, For 6 = O, the bracket term

becomes 1 * 4 and; hence, for E; = E, only the positive sign can be

uséd,

Equations 1, 2; and 3 were used in converting the'érOSS‘§écti§n
values froﬁ laboratory coordinates to the center-of-mass system.
Ceftain_features of the transformations may be seen from inépection
of theseifunQaﬁental relations; First of all, the centef—of—mass
- angles do not differ greatly from the laboratory angles, The meximum

difference. is of order of 14 degrees at 8 = 90 degrees, This might
be compa%ed mifh the case of proton=proton scattering where |
- (cm) - 28 :(LAB)o Secondly, the intensity ratio varies essent-
ially inverSelé"as the scattered particle energyc The ratio increases
by a factor of 2 to 3 in passing from thé forward angles‘to the back-
ward angles. |
With regard to the recoil helium nuclei'from the scattering preocess,
one findshggvexpectéd from the mechaniecs £hat these will have.zero energy
at 90 degfeeSjgpd gfmagimum“energyjof 0,64 Eolat zero degrees, The ex=.
pression for the recoil helium energyvis

Ey = 16 cos? ¢f

B, 25

If one considers the emulsion eqﬁivalent of the gas in the chamber and
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uses the recent range energy data of Rotblatlo, the expected range

of the helium nuclei in the emulsion turns out to be approximately
four microns at 50 degrees. The plate at this angle showed the short
heavy tracks corresponding to these recoil nuclei, At slightly higher
angles theAfgnge is toqﬁéhort to be useablé and above 60 degrees, the
recoil pafticles were gbsorbed-by the gas. Ax.sméller angles a defi-
nite pesk was dbtaihed 4t the shorter range, This is shown in Fig, 12
(pages2 ) which ié a'histogram plot of the number of tfacks vs, track
length at 20 dégrees° In Fig, 13 (page4i3 ), the same ploflfor 150 de-
grees, it will be noted that the peak.af the shorter range is not pre-

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

10 J, Rotblat - Nature 167, 550 (1951),
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CHAPTER 111

AFPARATUS

1, General Arrangement -~ Beam Snout,

The scattering chamber or multiplate camera that was used in this
éxperiment was deﬁeloped at the Los Alamos Laboratoriesll for studying
thelangular distribution of the products of nuclear reactions and
nuclear scattering. -In order that a series of experiménts could be
conducted with this équipment on the 60" Cyclotron in Crocker Lebora-
toxyé the beam had toﬂbe brought eut so that the scattering chamber
wottld be in a field free regien, However,‘the unshielded béam curves
‘around and remaiﬁs within the strong fringing field from ﬁhe cyclotron,
Thus, it was necessary to shield the beam from this magnetic field, An
iron snout -was constructed to bring the beam out to clear the magnet
yoke, Fig,'2"shows schematically the general arrangement of the
scétteri@g chamber and beam snout in its relation to the cyclotron,

The beam Snoutgwas-designed to reduce'the“magnefic"field"through“
which the beam ‘passes to a sufflclently low velue that it would clear
the magnet yoke and could be centered on the scatterrng chamber, The
snout was tapered, as shom in the flgure,‘to reduce the scattering:
of the beam frpm.ﬁhg 31des as it spreads out.- At the cyclotron beam-
exit=port, a wéter cooled collimating slot was provided with dimensions
of 1/2“'; lml/lﬁ‘o (Thé‘beam‘cross~section at this point is spproximately

1/4" x 1=1/2"), The inside dimensions of the snout tapered from these

L 7, ¢, Allred, eto al., (See Ref. 7)
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dimensiogs to 1-1/2" x 3" at the exit end, @ distance of approximately-
5 feet, In addltlon, a sylphon sectlon at the eyclotron end allowed
for adgustment to center the beam on the exit end, t» The snout was fabri=
cated. with cold-rolled steel and welded to: mzke & vacuum tight' chamber;
The top and bottom were 5/16“ thick and the s:Lde pieces l-=l/2" wide,
~With this amount of iren 'bhe fleld a'b the :anut end was reduced from
9000 oersteds to apprommatel‘y 800 versteds—as measured with a porta-
ble Go E flux meter.,

&% ’c.hga , ex_:}t en_d of the smout a second: eoilma‘b:mg slot wes placed
with dimensions of 1/2" x 3/4-imch, "ﬁre"'?Oﬂnec'bio?r“frcmwthe"‘snmzt“‘b'o
the scatﬁeringm pha;nbver" was *madéj'by‘11"b‘rass'*pip@""écnd"“syi‘ph'on' .'beil‘ows“
section with spproximately-3 inches -inside dimwter; (See Figs 3 for
a general plcture of the cyclotron snout-and- camera) - An glumrtmom
window, 0,001" thlpk__ (approximately 7 mg/em 2) separated 'bhe sca‘btenng"
chamber from the cyclotron ‘vracﬁum, The beam- of approx:mate’ly" 20 Mev-
£ molecula‘rvhyd_zfogen pa?t'iqles from the ecyclotron; inm passing  through
this feil, w_as gonve;"bed tp pfétons of ‘approximately 9.5 Mev emergy, -
The beam of px_‘otons then passed through -additional collimating slits
(or diephragms) and, after passing through the -éca:t‘terirfg volume,

entered a Faradsy cup through a second window,

2. Scattering Chamber,
The scatt_é;ring chamber has been described re@zéntly" in the

literature in its use in similar experiments to the present one, 12513

12 L, Rosen end J, G, Allred, Phys, Rev. 82, 777 (1951),

13 1, Roseng F. K, Tallmadge, end J, H. W:Llllams, Phys. Rev, 76,
1283 (1949). o
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Fige 3

CYCLOTRON, SNOUT AND CAMERA LAYOUT,

The beam passes from right to léft, The
caméra, pump and gas handling system are
shown on the left,
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However, since many of its features are of fundamentel importance to

. the present experiment, a brief description will be given here.

The scattering chamber, or multiplate camera, is so constructed

" that every 2.5° angle from 10° to 172,5° can be monitored by means of

é 1% x 3" nuclear emulsion plate, Fig. 4 shows, in échematic'reprew

sentation, the general arraﬁgemeht of the multiplate camera, Sixty

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

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

collimated by a set of fdﬁr ciréular diagphregms, -The diapﬁragms are

enclosed in a tube which sepéréteé the beam from the scattering voluméo

Looking along the b?am, the dimensiéns of the digphragms are 3/16",:

1/, 3/16" and 1/4" in diameter, The first diaphragm is made of

gold to reducg.the production of néutrons by the incident beanm,

The 1/4" diasphragms act as anti-scattéring baff;es to stop. part of

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

In order fo prevent the beém from striking the walls as it leaves the

chamber, - the exit tube is largef in dismeter than the entrance tube,

This allows for the spread in the beam as it passes through the chamber,
The slit system for the collimdtion of the.scattered particles

consists of essentlially three concentric rings. The first and third

' xings containAthe gol;imating slits of width 0,045 inches, The secend

or center ring contains anti-scattering slits to stop particles
'scattéred by the edges of the inner slit and to prevent "cross-fire"
between adjacent slit sjrstems° These slits are 0,055" in width, |
AlSo, "anti=-cross-fire" baffles are provided between the second and
third slit rings, These are parallel to the slit axis and essentially

isolate the adjacent systems over this region,
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The nuclear emulsion plateé, used to detect the scaltered partic-
les, are held in position between theloutér slif{ring and the Wall of
the scattering - chamber, The‘position is such that the beam 6f scattered
| particles strikes the plate at a point sbout 3 em. from its inside edge.
A set of vertical élots holds the plaﬁe in bosition ana beryllium copper
springs on the outer wall insure that the inside edge of the plate is
located against the outer slit ring‘assemblye The plates reéﬁ on the
bottom of the chamber so that the exact location of the plate is
detefmined and a reproducsble geometry is 6btained° In addition, slots
are provided on each side of each:slit in the outer ring assembyy 50
that suiteble foils mgy be insérted to sloﬁ down the scattered particle
so that they wili stop in the emulsion of the detector,

 The angular spacing between the piates is 59 except at the
forward angles, Iﬁ this\éase ﬁhree.plates on one side and four on the
other'side of the beam aiis have 2,5° spacing, With this arrangement
the»angles on one side afe'shifted’by 2,5° from the sngles on ﬁhe other
giving the 2;59 ccverége for all.éngles from 10° to 172,5° as mentioned
above,

Additionalzfeatures of.the mulbtiplate camers Whicb are of con-
siderable importance in thié type of expefiment ares

(1) The defining slit rings fit into recesses in the camera 1id
ana\fbrm a Baffle vhich reduces the diffusion of water #apor from the
emulsions into the scattering volume;

-(2) The accuracy with which the camera slit system and plate
holders were“maéhined makes it p§ssible to obtain results which have
a relativelaccuraqy esSentially within the counting statisticg ﬁqr

each angle, ‘The camera wes assembled with dowels and machined on
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a special rotary aividing table capab}e of measurement with an .
aécuraéy of 10 seconds‘of arc, The estimated‘error in thg angle
between two plates is of the order §f 0,1 percent which is negli-
gible compared to the statistical aedurécy usually used (1.5 = 2
pércent). B

~ There are;several fundementsl advantages in the construction'and
geometry used in the multiplate camera, ,

(1) Due to the accurate pbsitioning of the plates, the geometry

from one run tc the next is éxactly reproducibléo This facilitates

‘the comparison of data obtained on different runse

(2) By using the two slit system, as shown in section II=1 above,
the angle of ‘the plate with réspéct to the slit axis does not enter
into the éross‘seetion determinationg‘eliminatihg any uncertainty in
the meaéufement of the solid angle subtended by the detector, :

(3) of particularlimportance for 6btainihg the relative cross
section is the fact that many plates (engles) cen be exposed at one
fime providing a means of dbtéiﬁing data under identical conditions
for many angles. Also, being able to éxpose plates at many angles at
one iime shortens considersbly the time required to obtain the data,.
This minimizes:variaiionsrin-beam position ana beam énergy from one

run to the next over the duration of . the experiment:

3.  Pump and Gas»Handling System,

~ Two separate pump systems were pfovided fofsevénuating the
_multiplate)caméra gnd»the Faraday cap,. Thevpump systeﬁ for'the_
Faraday'qub consisted of a small gir’cooled oil diffusipn'ppﬁé'andv
mechenical fore pump, A&-liquid air trap was used tQ ﬁrap>cpndensib1e ;

vapors and an ion gauge was provided for measuring the pressure, The
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liqpid air trap was kept filled at all times during the course of the
experiment and the pressure in the Faradsy cup unit was maintained in

the range of 1077 mm Hg,

B

For pumping down the multiplate éémerag a 275 liter per second
-oil aiffusionfpump,was provided and a mechanical fore pump was u;ed
for backing, Iwo sylphon pﬁmp lines connected the maniféld to the
caﬁera, 6ne line wenf to the scattering volume while the secoﬁa line,
which contained a liquid air trap, went to the annular region which
contéined the nuclear plates, This made it possible ﬁo pump out the
two sections of the camerazseparately and to intrndﬁce the scattering
.géé directly with the liquid aif trap isolated from the syétem. Fig. 5
is a schematic of the pump!and gas handling system, By proper manipu-
lation of the various valves ﬁrovided, the multiplate camera could be
pumped down, the liquid air trap could be closed off, and various
. roughing - and finishingrpumpdowns neceésany for intreoducing the gas could
be handléd with ease, - Both an ion ggﬁge and e vacuum thermocouple
gauge -were prévided for measuring the pressure., All small valves were
Héke syiphon neédle valves while the large valves were 1" sylphon
- vacuum valves, The géte to the diffusion pump was a sténdard com-
mercial diffusion pump gatemvélve, ‘During -the coursé'of setting up
ﬁheucamgra and pump system, the entire assembly was checkedvfor leaks
 with a helium lesk detector and made absélutely'tighto Nominal valuesb
for the camera vacuum with plates in place were in the range of 1072 -
10~ mm Hg, The acc¢ptedirate of rise prior to a run was in ﬁhe réhge

of 6 = 10 microns/minute,

Key to Fig. 5 ,
DP = 0il Diffusion Pump ~ HG M - Mercury Manometer

FP = Mechanical Fore Pump ) He ‘GC = Helium Gas Cylinder
IG = Ton Gauge LA Trep = Liquid Alr Trap

TCG - Vacuum Thermocouple Gauge
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CHAPTER IV

NUCLEAR EMULSION TECHNIQUE

In fecent years, with the devgloPmentvéf improved methods for
~ the preparation and handliné of the special fine grain emuléions, the
photographlc plate has returned to widespread use in recording nuclear
processes, The photographic plate was first used in 1896 by Becquerel
' when he discovered that the radiations from uranium salts were capable
of blackening a plate, Later, when it was discoveréd‘thét high speed
'alph;ﬁparticles in p;ssing through an emulsion left a line of develop-
able grains, the photographic plate wasvused Ey various workers to récord |
nuclear events, However,'this work was handicappéq‘by the characteristics
of the early photographic emulsions, Primarilyg the emulsions were téo
thin to stop the incidenéyparticiés and complete data was difficult to
obtain, Secondly, the silver halide content of avaiiable emulsions was
so low as to make it very difficult to disfinguish an actual krack since
‘ﬁhe silver grains were rather widely spaced, Witﬁ the nuclear emulsiqns
aVailéblé today, these difficulties have been largely overcome and the
photograéhic“plate for recording nmuclear e?ents is now considered as a
S “*stgndard reCUrding>device“in>many“varieties~oféexperiment33m~4~- e
The hlsto:y, development theory, and use of the photographlc plate

in recordlng“nuclear events have- been treated qulte exten31vely by

Shaplro,.l4 Webb,_15 Powell and 0cehlalln1,167and Yagoda.l7

4 M, M, Shepiro, Rev, Med. Phys. 13, 58 (1941),

15 3, H, Webb, Puys, Rev. Zi, 511 (1948).
16 '

C. F. Powell and G, P. S, Occhialini, Nuclear Physics in Photographs,
 Oxford, (1947). - - S
17 H, Yogoda; Radioactive Measurements w1th Nuclear Emul sions, Wiley,

(1949).
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The reader is referred to these references for detailed information
concerning the nuclear emulsion technique, The discussion here will
be limited to the specific applicati&n involved in thé experiment,

Before proceeding with a discussion of the techniques used in the
experiment, it might Be well to briefly consider some of the advahtages
rand'disadvantages in the use of nuclear emulsion deteétors for scattering
expefiments. First of all,/thé nuclear plate is continuously sensitive |
to‘charggd particles, &s such it will record all pfocesses-taking place
in the scatﬁering chamber during the run, This means that'if, in addition
to the elastic scattering process, another process takes place, any par-
ticles frém this event which have sufficient energy to reach and enter
the emﬁléiop will be recordéd. 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 respeét to the
scattering volume is still another advantage in that by use of suite
able acceptance criteria, background and spurious particles can in
general be eliminated in the éounting. Finally, the aaxiliaxy4equipu
ment needed With'electronic counter type detectors,(e,g.g power supplies,
amplifiers, -scalers, discriminators, and all the associated éables) is
eliminated. Coupled wWith these sdventages however, is the fact thet the
data is_ﬁgt-immgdiatelyjavailable'due to the time required for p1atev
development. In -addition, the job of analy?ing each plate is tedious
and requires 20 to 25 hours for the type of analyéis.and nunber of
tracks coﬁnted in this experiment, On the other hand, the data can be
recorded on the plates and the analysis can be made at a~1até£ 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 feqnired
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spproximately four months, Firially, the photogrsphic plates frovide a
permanent record of the experiment, o |

The photographid emulsions used in the présent experiment were 100
micron and 200 micron Ilford C, emulsions., These recorded the protons
as a moderately dense traqk and the alpha-particles as a very dense
track enabling these to be distinguished quite easily, The 200 micron
’emu]_.sions'were used only at the forward angies where the expected proton
range was too long for protons to remain in the 100 micron emulsion, This
‘was determined by the expected scat£éred energy and plate angle, xn;hich
was 11 degrees 46 minutes for all scattering angles.

The. procedure for handling the plates during the experiment will
be discuésed in the next chgpter. Once the plates had been exposed,
they were immediately removed from the vacuum and started through the
de#eloping process., The deve]toping was done in an automatic machine
built specially for de\{galoping nuclear plates by the Film Group of the

Radiation Laboratory, The plates were put thfough the follewiﬁg process:

(1) 30 mir)l in developer (D = 19 diluted 6 par‘bé of water to 1 of
stock

(2) 12 min in running water, 68°

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

(Zp) 2 héurs‘\in running water wash

(5) allowed to dry slowly.
No specisal p:'écautions were taken to prevent peeling slthough the edges
of some of the"p;la‘bes were taped with scotch tape, | In the first trial
run some plates a few moh,ths old were used and these peeled rather badly.
Howeverv, on éll succeeding runs, new plates (approximately one week 6ld)
were used and to date these are all in the same usesble condition-as when

they were originally déveloped,'
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'With thevplateé exposed and devélqpéd, the final process was that

- of anélyzing;the tracks recorded on the plate, Since the plate is con-
tinuouSly ssngitivenﬁq all reactions taking place‘during~aprsure, each
plate had.to-be very carefully analyzed to ensure that all possible data
was noted and full advantage taken of the information available on the

. Pi_atea- |

| The microécqpes and laboratory arrangement used for the analysis
of the plates in thls experlment are shown in Fig, 6. The mieroscopes

- were both Zelss Jena laboratory binocular mlcroscopes. The light sources
wereiBansch and Lomb research microscope illuminators with a ribbon type

* filament, These gave a unlform and intense source of llaht whlch made
exémination of the plates easier, Note the plexiglass dust covers used
to.profect the microscopés when they were not in use, Also each micré=
écope and 'its illuminator'was.fixed‘gn a common base so that the critical
illumination used could not be jarred out of adjustment, The microscopes
contained apochrematic objective lenses with compensated e&e ﬁieces. A
sixty power objective and ten power eye pieces were used on ail measuré»
‘ments, With en additional factor of 1,5 in the body tube, the total
magniflcatlon was 900X.

A reticule consisting of a large ruled square subdivided into 100
sectlons engraved on an optical glass dise was used to define the swath
w1dth on each measurement, The reticule wzs placed in one of the eye-
pieces and the dbserver:used.onxy'that portion of the field of view
within the square in selecting the tracks that were counted., A stage
micrometer and auxiliary eyepiece scale ﬁgre used to calibrate the
-retigule¢

.In order to facilitate the‘measurement of the projected rangeév

of the tracks selected, a special superstage was devised for the micro-
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scopesfand two of‘these were febricated by a local op%ical instrument
company, The basic principle used in the design of this superstage

was that the major portion of thé_tracké on the‘plate proceeded nearly
parallel t§ one'directiqﬁ, that of the defining slit axis, Thus,
precision measureménts were needed,_in general,.only in one direction

on the microscope, Thevconstruction of the superstage is shown in
\croés=se¢tion in Fig. 7 and photographs of the actual stagé are shown

in Figs, 8 and 9, The stage was desigﬁed to move the plate separately
. from the regular microscope'cross feed’séremu Thé traversing bar was
~19cated.in thé groove which ﬁormally holds the clamps for the\blate-
holdér arms.j By using this construction, the position of the plate-
holder arms was unmdaified with respect to the microscope stage and the
relation of the photographié plate to the condenséf substage Was'nét
eltered, The superstagé screw was a Zelss precisidn screw ofcone=half
ﬁillimeter pitch and ﬁhe calibration on the drum was two microns per

sﬁall division, Wiéh this stage precision, meesurements in the hori-
zontal direction could be ma&e quickly and easily, The repfoducibilif&
and accuracy of this device was checked quite carefully and one micron
éccuraqy was easily thained.:/With this additional screw, the time for
the Séénning, méasuring énd counting procedures was reduced by a factor

of from 3\to»4, and the overall accuracy of the measurements was increased
considerably, An additiohal feature is that the mieroscope was not altered
in‘any wgy except for the plate holder and could be returnedvto its origi='
nal state iﬁ a matter of a few minutes, It should be noted that the
désigﬁ is not 1imitedxin its application to the'Zeiss_microscope but can
‘probably be gpplied to every microscope commercially svailable todéy..

The criterion.used in.counting ﬁracks was.based primarily on the

slit system geometry, From this geometry (see Fig, 1), it is easily
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' FIG, 8
MICROSCOPE AND SUPERSTAGE,

Observers view,
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seen that protons. coming from a scattering event in the center of the
chamber and passing through the slit syétem muist enter the detector at
the surface of the emulsion, In addition, they must pfoceed awgy 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 geomet:y.‘ Thus, by epplying the proper angﬁlér'
limits and noting where the tracks start and the direction in which they
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<£he plate. The maximum number
.wil} occur at the axis of the plate slit system and the number of tracks
will fall to.zero on each side of this pesk due to the angular resolution
of the slits, Thus, by plotting the distribution of tracks on fhe plate,
the position of the center of the distribufion could be determined quite
accurately, Since the inner edge df eéch plate was exactly positioned,
the factor L which entefs directly into 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 covgfs actually only a
small'portiqn q? the plate. The plates are sgpproximately 75 millimeters
in length and the tracks are located over only sbout 15 to 20 millimeters.
The cross-hatched areas on the histogram,répfeseﬁt tracks which fall
outside,thé main range_béak. (see below) At the forward éngles the
helium peak was considered as a main peak alsc, Thus, from the density
distribﬁtion, one could be certain of including gll of the tracks on
the plate, In‘additiﬁn; at the forward angles where gbsorbers were used,

the density distribution was used to determine whether or not all the
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protons which passes through the slits entered the plate, This was found
" to be true although the distribution was spread over a much larger pertion
_ of the plate., ' -
| Since the ;pproximate incident proton energy was known, then, from
the mechanics ef the collision, the expected proton energy at each ahgle ‘
was estimated, By making sultable allowances for gas sbsorption and
plate angle, the mean expected range for the proton tracks from elastic
scattering could then be deterﬁined. If a plot of ﬁhe range of every
track which satisfied the requirements above, is made for a feﬁ hundred
tracks covering one or more complete swaths, this plot’ will indicate

the actual distribution in proton ranges due tp beam inhomogeniety and.
straggling. Such a plot will elso indicate if any other proéesé has
taken place that will be observeble on the plates. Figs. 12 and 13

are histograms_ofrthe range distributions for tmovangles, 20 degrees

and 150‘dégrees. Note that at 20 degrees, two peaks were found, The
shaded areas represent %rée#s.whi@h faii butside the main track distri-
bution peék° As diécusse& in Section II-2;, the long rahge peak: 1is the
desired protgn peak and thé shontervrange peak is the expected peak for
the recoil helium nucleié It was from such plots for each angle that
the incident‘proton»energy for the e%periment was detefmingd (see Chap-
Lter Vi), - | |

The intermediate range peaks on these‘two histograns may be attri-

buted primarily te slit scattered particles, that is partibleé which
have penefratéd the slits sufficiently to 1oseAsome of their initial
energy., These particles By the nature of the defining systenm havé not
" come from the éll@wed scattering regicn and, henéeQVare not counted,
Also, from the small number of so called background tracks on the plstes,

the effect of neutrons produced in the defining slits by the incident
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beam was apparéntly gegligibly smgll, Thus, by the proper use of the
:rangé distribution curve, the acceptance ériterion'as_to range was de-
termined eliminating most of the background and spurious track corrections.
Baséd on the slit geometry and the range anaiysis for each plate, the
following criteria were established for counting a track:

(15 The track must start on the surface of the elulsion,

(2) The track must proceed in the proper direction - this was
specified by an index mark being placed on the inside edge of the plate.
Thevtréck.mﬁst proceed awgy from this edge,

(3) The track must enter the emulsion at such an angle as to héve
come from the scattering region, This, as deiermined 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; i.€., in the horizontal
plane, |

(4) The track must have a range within the prdton range distri-
bution pesk for the angle'in.question = the fange linits were détermined
from the shépe'of'the range peake |

~

(5) The track must enter emulsion within the field of view of the
defining reticule. \ |
With these criteria applied to each traék, one is aésﬁred of obtaining
accurate datéc The.limitingefactor.then will be the counting statistics,
In the present work,la tofal of approximately 2500 tracks werg counted
at eaéh angle,_ The actual number va:ied from this by one or two hnundred
,‘dué to the faqt'that complete"swafhs had to be read iﬁ accordénce with the
cross-section formula. o )
To sﬁmmarize, the general procedure ﬁsed in enalyzing a plate Was

as follows:

1, 411 appropriate tracks (determined with the sbove criteria) in
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one orvﬁére swaths were measured and their position noted in two milli-
meter ipterVais°

2, . Range and density distributionlﬁistograms were then plotted,
_From.these the acceptable range for countipg tracké was determined,
Also, the genter p%"gravity of the density distribution and the meaﬁ
' range of the'protons was detefmined\ ' |

3. With the range criterion togother with the other acceptlblllty
criteria, a sufflclent number of swaths was counted to give approx1mately
2500 tracks, -

ke Flnally, a statistical plot was made of the number of tracks found
in each swath and the number of itracks per centimeter swath width was cal=-
éulated and drawn on the samé‘graph. With this, the variaiion_in nunber
of tracks counted in each swath was easily checked, On-those‘plates where
the yield of tracks waslibw and many swaths had to be read, this comparison
was used to determine whether swaths were belng read Whlch were too near to
the edge of the plate and were falllng out51de the main track srea. In the
process of counting, each track had to be measured fmr its range, 1If the
range fell insid9~thetlimits specified and the track satisfied the other
acéeptance criteria, it was counted, Iﬁ;jhcwéver;”the*range“fell“juét‘cutw
side the spe*cified"' l:i:mi“t'S' “"Ehe‘ “Tange was noted on the ‘da‘ba"sheet Al'sa9 if
the track was-much longer than- spe01f1ed, this range was also noted " By
this method éfﬂxecordlng the tracks one has a check as to whether all the
valid tracks have been counted and as to whether impurity scattered
particles have been included or not, A.checkvof.the energy of a few of
these long tracks indicated they came from elastic scattering from nitrogen
and oxygen’(i.e,,\maéé 14 =nd 16) nuclei, However, too few of these were
observed to give good enough statisties to obtain éven an estimate of the"

impurities present in the gas,
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Thus, thé value of ¥, the number of tracks observed in a swath of
knowmn width was determined., The totel swath width w was determined from
the number of swaths read and the known width of thé.reticule. The fatio
" of these two nunbers, Y/w, enters directly into the calculations of the cross-
section for that angle, Cerﬁain correctisns'must be made/on the value of
Y butltheéé were ail‘applied together with.other eorreétiogs and are dise

cussed in Chagpter VII,
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CHAPTER V.,
EXPERIMENTAL PROCEDURE,

1, Camers and Snout Alignment,

The beam sﬁout‘asgembly, which was designed to bring the eyclotron
beam out so that the sca“b‘bering- chamber could be located in a field free
region, has slready been described, The first step then in setting up the
scattering chamber was to adjust the final snout positien so that the.bean
was centered. on the outer collima‘biné slot, This was accompl;i’.shed by 1';he
use of a iayer.of zine sulfide placed on a one=half incﬁ thick gléss port
"aﬁd‘fastened to the snout, The positidn of the beam‘was then observed on
the plate from outside the water shielding and no over=expostire to radistion
resulted, Whenrthe beam was spproximately centered in “the’ snout, a cathe~
tometer was set up so that it pointed directly elong the axis of the snout
(see Fig,yzj, The brass comnecting section was installed snd a second |
."beam pattern was taken, Both the cathetometer and the snou:b. were then re-
adjusted o line up with this third point, The alignment of the catheto-

" meter was checked by focusiiig on the last beam point, then on the exit
slot of the snout, and then on the entrance slot of the snout (a distance
Of ﬁpmgep}?-”ﬁee‘t;_)} When the cathetometer teiéscope was coaxial with these
three points, the scattéring chamber was installed and lined up along the
same aXis.; From the' appearsnce of the déta, this alignment was good to
better ‘thén 0.2 degrees, | |

: Q;.Lce the camera and Faraday cup were set up and satisfactorily aligﬁédg
the next step was to make the system vacuum tight. A helium léak detector
‘was used and the only lesks of any consequence were found in the Hoke
éylphbn needle vaiveé6 .Seﬁeral of these were replaced before a complete

~ . N

‘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 mea;urements indicated an aversge field of the
 order of 70 oersteds at that point, Thus, although the chamber was pefhaps
| 8 feet from the qyélotron beam port, it was still too close to the megnet
. “to be 1n a low enough fleld for the proposed experiments., A one~half
\1nch thick iron shield was finally installed on the 31des with one-
quarter inch on the tope This reduced the field to the order of 8 1o 10
oérsteds; For a 7-=Mev proton inva 10 oersted gield, the radius of curva-
ture is'15 x 103 inches. The length of path from the center of thé scat=
tering volume to the platé center is about 8 inches, - This means that,
the shift in the'path of such particles at the plate, will be of thé order
of four thousandths of an inch which is equivalent of gbout two minutes
of arc, However, the misalignment of the chambgrlwanfoﬁnd to be of the
order of 0,2 degrees or 12 ,minutes,.i,e,,'Esix;ﬁimeé the effect due to
éhe small fieldvpresent. Therefore, no appreciablererror was Introduced
by this small field, L | -

Fig,flA is a close-up vieﬁ of the scattering chamber showiﬁg'a .
section of the iron sh:.elde The chaln rig shown hooked to the 1lid of
the camera was used in remov1ng the 1id for loadlng and unloadlng the

plates,

" ‘2, Handling the Nuclear Plates,

| In order that the photographic plates (Ilford C2) could be loaded .
into'the‘camera in complete darkness, the entire cyclotron area inside
@he water tapks w@s_seéled off,fo makeAitﬂlight tight, This inecluded
sealing all the cracks ~between the water taﬁks_and around the water |
doors. The nuclear plétes were markéd with thelr respective run number
and position in the dark roomg' 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 CAMERA - S, SIDE,.

The photograph shows a section of the
magnetic shield and the cameras lid
lifting rig. The beam enters from the
left, The Faradsy cup, pump and io
gauge are on the right, - :
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in a light tight box pb the-cyclétron area and loaded into the proper
égsitionS'in the camera, This process involﬁed sétting fhe plate_in at
the proper éngle with the proper Srientafion (i,e,, numberad edge against
the inside slit ring énd emulsion onzﬁhe pfoper side -to recéive the
: séattered particles), . The plates a;éo‘had to be fluéh on the bottom of
the ch\am‘ber° _

» In'Figs,l5,and 16 the géneral a?rangeme@t of the élaﬁes in the scatter-
'ing chamber is shown, In Figo 15 thg‘beam passes from the top to bottom
of the picture; It will be noticed that the beam inﬁut tube is somewhaf
smaller than the exit tube and. that botb‘ofvthe3e>extend to the ceniral
region, The plate spaéing’is 5 degrees except at the.most forward angles
Where.é.5 degrées spacing is used, Thé'plaie\holder-sléts and energy
absprbe£ slots are aléo{clearly visible, In Fig. 16,Aa photdgraph taken-
abéve but somewhat to tﬁé side of the.caméra, the defining slits for the
‘seatteréd particles are clearly shown, Onvthe top side ofAthis picture
(along the far edge of the chamber) the beryllium=-copper springs vhich
hold the plates -into position against the inside slit ring assembly are
_alsé visible, |

| A rather extensive pumpdown time was required after the camera was
ioaded, due td the water vapor ip the photographic emulsions, This
period véried from four to six hours depending on fhé ﬁumber of plates
being*exposed, Thé pumpdown procedure consisted in roughing down with the
 fore pump to a pressure of lOO'microns'and theﬁ puﬁping with the oil
.diffusion‘pump for ﬁhe'feqﬁired period to outgas the plates. The liquia
- alr trap, onfthe;pump line to the annular area coﬁtaiging the platesg(aé
shown iﬁ'Fig95);uwas used during this period. The progress of the puﬁping
was determined by taking a pressufe ?ate of rise of thé system witﬁ the
'liquid_air ﬁrap closed off, Wien the rate of rise reached 5 to 10

°
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Fig, 15.

[

MULTIPLATE CAMERA 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 CAMERA,

The inner and outer slit systems are
shown together with the positioning
slots for the plates.. Also, the ab-
sorber slots are clearly visible in |
the foreground..-






‘ w5be V
‘microns per minute, preparations were made to inject the gas, The base

preesure was usually in the neighborhood of 1075 mm Hg at thils point,

'3," Gas Handling.

.The procedure for admitting the helium.ggs to the system was quite
straightferward, The system, including the regulator vai?e; had been
previously vacﬁﬁm checked as mentioned above, The entire gas system,
manometer, gas lines and regulator system was pumped down to the base
pressure, w1th the, scatterlng chamber and 11qu1d alr trap cut off from
the system., Both sides of the manometer were_pumped down apd the stop-
cock between_theee two arms was closed off, Then, with the‘diffﬁéion
pump gate end ion gauge valve closed, the manifold was opened.to the
-~ chamber, Helium gas wes then admitted directly from a commercial gas

-cylinder into the syStem.to the desired pressure, as determined by the

. meanometer, No effort was nade to purify the helium since it was high
grade gas, This type’is_doubie—chareoal purified? and has e rated . |
purity of better than 99.9 percent, After an accurate pressure readiﬁg
was. taken, the manometer was closed off from the system,

The determination of ng, the:number of farget nuclei'per unit
volume was based on measurements of the heights of the mercury columns
in the manometer,_ A'preeision cathetometer was used for this measures
ment, The cathetometer was 1eveled and read by at least two observers.
The temperature of the gas was taken as the temperature recorded,by a
thermometer placed directly under the chamber (see Fig. 17)s Since the
‘entire‘q§clotron area is enclosed by five‘foot water tahks, the ambient
temperature remained fairly constant with iny.a slight~riseinoted due
to the cyclotron magnet warming up éuring a run, The mean of the temper-

_ature'feadings before and after a run was taken as the temperature of the
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gas during the run, The thermometer that was used was a 0° to 100°C
thermometer which was read to * 0,1°C,

The relation used to calculate n, is

o A

n, =k Pg 2 a_
Py lg Vs 9 )
wﬁere n is the number of atoms per cubic centimeter, Pg is the pressure
of the helium as measured sbove, P, = 76 = stendard atmosphierie pres-

sure in cm, of Hg ; T, = 273° Kelvin, T, is the temperature of the gas,

g
A is Avagadro's number and V. = 22,4 x 10%. cn® = volume of a stendard

mole of gas., k = 1 = the number of atoms per molecule, Thus,

/ P, 273 6,023 x 1073 20 Fe
Mot e o *Tamgxier 09O x0T

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

mercury (see asppendix III), Corrections for the expansion of the mercury |

in the manometer, although small, were included ithhe‘final.calculation;
The gas heandling valves and panométer can be seen in Fig, 3. In

Fig, 17 the genersl details of the cemera and cup assembly are shown,

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

the camera, On the extreme right is the main liquid sir trap. On the
left is the Faraday cup and its electroétatié shield, Al so, one of the
Alnico bar magnets for the‘field op ‘the cup is showa taped to the cu§
Housing. The 1érge sylphon tube connects the Faradsgy cué ﬁo its pum@
system, In Fig, 18 the position of the two flexible pump lines to the
camera are visible; The line connected to the center of;the chamber gbes

directly to the pump manifold, The other line, which is connected to the
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Fig. 170 ' ) . s, -
. THE MULTIPLATE CAMERA ASSEMBLY,

The Faraday cup and its electrostatic shield

.are on the left with the pump system below,

The thermometer for measuring the gas tempera-
ture is located directly under the camera, On
the right foreground is the liquid air trap, .
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Fige 17
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Fig, 18,
THE MULTIPLATE CAMERA, -

The Faradgy cup and its electro-
static shield are shown on the

left on the back of the camera.
The positions of the two pump
lines to the chamber are clearly
‘visible,



oy s

Fige 18
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S

nuclear plate section of the camera, goes 1o the liguid air trsp and then
to the ﬁtmp manifold, In the foregrouna are the two main vacuum valves
for the camera and in ‘the background is the faraday cup and'its shield,
The battery supplies the shield bias as is discussed belows |

4o The Faraday Cup and Determination of N,

In order to obtain an accurate measurement of the total/number of .
brotons that pasé through the chamber-dnring‘a.run and; hence, to deter-
miné N, a separate Faraday cup uﬁit was provided., The Faraday cup it~
self was 9 inches in length and 1-3/4 inches in inside diameter. The
,cup‘chamber and pump system was fastened to the scattéring chamber but
.éeparated from it by a thin (0,001 inch) alﬁminum window. Two Alnico
permanent magnets were located sbove and below the cup so as to create
a field of the order of 1000 oerstedé. The purpose of this was to trap
secondary electrons produced in the cup by the positive ions to prevent
‘A their escepe. The Faraday cup waé made negafive with respedét to ground
b& a.battery placed ;n series with the lead to the currentvintegrator.
The purpose hére' was to prevent the collection of the electrons knocked
qﬁt_of the window by the beaﬁ.

Thekprimany‘sources of leakage which would produég errors in the
value of N werergssumed to be: |

(1) Ionization of the fesidual.gas in the cup,

(2) Secondary electrons escaping from thé cup,

(3) Conduction along the insulator surfaces.,

As discussed abofe, the pressure in the Faradgy cup was. maintained in
| thé_range of 107 mm Hg, Thus, ionizafion'of the résidual gas should be
a negligible factor, eliminating‘item (1). Also, conductionfalong the

inner surface of the insulator would be essentially‘eliminated at this

1
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pressure, To check for the possibility of secondary electrons escaping

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

~

'batteryov A,poéitive charge placed on the integfation condenser was
neutralized indicating\negafive integration,. No integration was ob-
served with zero potential on the cup, .In the first case, secondary
electrons from the surrouﬁding surfaces were possibly the cause of this
but it is more likely that it was due to leakage through the air as
discusseﬁ»bélow. The fact that no integration was obsérved when the
cup was at/zefo potential indicates'the'effectiveness of the maghetic
field in étopping‘seconda:y electrons frém leaving the cup, 1In éddition,_
the length of the’cuﬁ‘and its large diameter éogether with the magnefic
field provided to trap the electrons, gavé added assurance tﬂat seéondany
electrons would not escape. . |

The only leakage point that;needed correcting waé the apparent

. conduction through £he air and along the outside bf the Faradgy cup
insulétpr, Sinée_thé éxperiment was perfdrmed inside the cyclotron
water barrier,vthe radiation field (neﬁtron and‘gamma ray) present when
the beam was on was' quite high, Varlous checks, that were maae with
different sized discs and wires hung on the integrator ceble, indicated
theré was leakage due apparently to the ionizatioh of the air.by the

‘radiation Qreséht,‘ A further check of this effect was made with a one gfam
rg@iumnbepyliium peufroh source, With fhe cable connected to_thé cup,
~ the 1eakége rate was of ﬁhé order of 65 micro=-micro-coulombs pér ﬁinute

" and with the cable disconnected, 9 micro-micro=-coulombs per minute.

The leakage rate_also,fell off inversely aéffhe square. of the di#tance

between thé‘source_and.the’cupo This leakage was essentially eliminated

by the usé of en electrostatic shield placed over the cup and put at a
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potentisl negative with respect to ground and ef approximately the Same
value as that of the cup.(see Fig. 19), This made the reglon around the
cup and insulator essentially a field free region eliminating the leakage
across the insulator., Lesakage checks of the overall‘circuit with the
various addltlons gbove, indicated a total leakage curreant of the order
of 3 x 10712 amperes, Hence, no corrections were made to N (the number
of inecident protphs) fop 1eakage in the integrat;ng cireuit,

Fig. 19 shows the generai circuit used fof integrating the current

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

- accurately calibrated precision capacitor of 1,075 micrewfarad'capacity

was used to integrate the charge, An electrometer and galvonometer'v
circuit was esed to indicate the voltage on the capaciﬁor. The voltage
was actually maintained at essentially zerc by means of an associated
slide=back voltmetef cifcﬁit,\ The procedure used was to maintain the
voltage of the integrating eondenser as near zere as possible by con-.

tinually inereasing 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, vhich was required
to completely and exactly neutralize the accumulated charge on the
condenser, was measured w1th a Leeds and Northrup type K potentlometer
and a General Radlo type 654A decade voltage d:Lv:Lder° A smgll drift in

the electrometer was always present even with the capacitor dischargede )

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

each run,

The‘integfating capacitor was calibrated by means of comparison
with.a stendard capacitor made commercially by the Geheral Radie Compa=
hy. This aecondary standard was checked against the cepacity of a

Bureau of Standards calibrated condenser., The comparison was made with
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. Fig. 20,

'CURRENT INTEGRATION EQUIFMENT

" The potentiometef and galvanometer for

measuring final voltsge are on the left,
The rack contains, in order, the galvanoc=
meter; electrometer and slide back volt-
meter, condenser, and decade voltage
divider, ‘ -
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a General Radio capacitance bridge by two different observers, The

value given was 1,075 + 0,005 micro=farads.

5, Exposure of Plates,

'In the discussion ébove, the eésential features of the pro@edureé
used fpr'loaﬁing the nuclear plates, admitting fhe scattering gas, and
 determining no‘andi have been outlined,. Th; eprsure to be used for
each run was determined from a preliminary run, In thi§~run»plates
were éxposed every 10 éegrees at a pressure and currént of 20 centi-
meters and 10 micro=cbulombs respectively, Examination of these plates’
after deveiop@ent indicated the general expoéure needed for various éngles .
to take account of the large_v;riation in cfoss secfion with aﬁgle.

A,backgrouﬁé run was also madq to determ?ne the presence of protons
scattered from wgter vapor and othér\impurity éasesvother‘than those -
known to be préseht in the helium, This run was made following the
-~ same procedure used in handliﬁg the system for a regular exposure ex-
cept that no helium gas was édmitted, The use of this data will bé

discussed later, .



=69~
CHAPTER VI

' BEAM POSITION AND ENERGY

”Invpfin¢§p1§,_the beam position in the camera can_be Qetermiﬁéd from
Phg’mgan gné?gies of the scaftered particles at two angles? one on each
side of the beamlsf This is based primarily on the fact‘that, with the
gxtfeme Cayé with which the camera defining slité wére méchined,_the angle
vbstween two plates is known with great accuracy, Thus,rif'ﬁ' represents
'thé_angle inciuded between two slitjsyétems on each side of the beam and
8 is the unknown angie between the beamrand one_slit sysﬁem,‘then this angle

can be determined by the following method.
' 1

Beam —» A A oe!
: 1/5
2 -

The mean ranges of the particles at the two angles are meaSured by the
same observer under identical conditions. vThe plates used must, of course,
be from the same,funo- Fr&m the range energy relation for-niiclear emulsion,
the beaﬁ energies can be determined. By appiying sultable corrections
for energy loss between the scattering ceﬁter and the plate, the mean éner—
gies of the scatﬁered particles can be obtained. From the secattering
mechanlcs for the proton-hellum case; we have

El/E = 1/25 (cos € + «527:";;55‘)2

and for the two angle 6 and €'~ we can write
Eq (cos & + /16 - 51n20)?

B2 (cos(6'-8) +/16 - sin2(e'-6))?

18 L. Rosen, F. K. Tallmadge, and J. H. Williams, Phys. Rev. 76, 1283 (1949).
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By solving this relation for 6 as a function of E1/Es and 01, the calculated

value for»theAangle'O can be determinedo The difference between this value

and the specified value for the camera will givé the true‘beam position.

The solution of this gives a quadratic equation in tan © of the form

where

and

: ' , ‘ 2 ,
- K3= R3£éR_ cos 8' + %ﬁ (ngif;) ~(1 cos?e!) .

K tan?0 + K, tan 6 + K3 = 6 ,

=7 (B ? _ sin2e, R = BBy ,

. 8in ' - 2 sin B' cos O' ,

The two possible solutions to this equation correspond to the éase vhere

plate‘#l is on the one side or thé,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 was fairly consisteﬁt, 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 plaﬁbes° . 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'coordinatersystem,/however; a definite trend was ~

qbserved in the points on the two sides of the beam and a value of the

[}

beam position was determined graphically (see next section).

The ‘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"frommihe"scattered“particle energies directly
vandwthere are no intervening windows requiring additional corrections. This
. method gives of course the average value of the energy during a run.

For the detérmination of the beam energy, the mean value of the protdn
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 plaieiangle and emulsibn shrinkage in determining the
gbsolute mean range'of the protons in the emulsion and allowances were made
for the energy loss in the gas between the scattering center ana the plate.
The energy loss in the gas was determined by.caléulating the emulsion. equi-
valent of the gas and assuming that thememulsioﬁ equivalent of one centi-
meter of air is equivalent to five microns of emulsion at NTPo The emulsion

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

Porg 253 S = BEmulsi sivalent in mi
76 - Ttarg ° 5LS = 1sion equivalent in microns,

where L =path lengfh in the’ gas as determined from the center of gravity

~of the track density distribution on the plate. S 1is the stopping powef

of the gas with respect to that of air. This was determined over the energy
intérval in quéstion from the range energy curves for pro%éns in air and
helium calculated by Aron, Hoffman and Williams1?, The value used was

00155 for the stopping power of helium relativé to air for the energy range
of three to nine M‘exf° The resulting values for ﬁhe energy at each angle

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

all the 47 plates was 9,48 £ 0,15 Mev.,

/

/

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

EXPERIMENTAL RESULTS

W?hegresg;ts_éf the‘measurements of the'angular distribufion for

- the gcattgring of 9;5 Mev protons from helium are,bresented in two forms

in %he figures and tables of this section. The values for the differential
¢f9ss section, corfected for background and impurity scapferingg calculated
with laboratory angles as measured from the central axis of the camera, are
given in Table A. Examination of this data, particuiarly a£ the forward
angles, indicates that, the beam was not coaxial with the camera bﬁtlwasr
acpually,slightly off. For example, the relative acéuracy of the data in
any one run is essentially iimited\on}y by the statistics obtained in thé
counting, The ﬁalues obtained from the plates:at‘lO degrees on each side
of:the beam should theﬁ be ﬁithin 2 percent of each othér;_ The actual
difference obtained was approximately 18 percent. This difference is; of

\ course,,highly'exaggerated byvthe sensitivity_gf the cross section to angle
in the forward direction. The other férward angle plates, however, showed
g difference which; although not as 1afge ; was in the same direction..
Fuarther, it éhould be noted that at the angles where overlapping data was
-oiotained9 the difference between the values obtained from twb different runs
;o? the same angle was well within the experimental accuracy. Examination
of’the full curve, for the relative positions of the points bbtaiﬁed frém »
the two sides of thg beamn;, aléo indicated a general tfénd in the position
of these points in relation to the curVeol»By plotting the data from the
two.sides.Of the beam separately and:placing-one curve over the other, a
uriform total shift of épproximately'0,8 degrees in,laboratorj sjstem made
the two curves coincide within the statgstical accuracy of the data. Apue

to the variation in cross section with sin ©, the actual shift necessary,

as determined by this gfaphical method, was 0.4 degréeso 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.

-9 a | dor (a)/d w¥ ‘
, I p) L 5 3

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 10,0713

72.5 86.3 0,0655

80,0 9%.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 1166 0.02305

110,0 123.6 0.0272

115,0 128,1 0.0333
120,0 132,5 0.0392
122.5 1347 0.0423

130,0 141.0 0.0527
135.0 145.2 0.0563
140.0 149.25 _ - 0.0671

12.5 151.25 0.0682

150.0 157.2 X 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 17444 10,0941

# Data tabulated according to its run.
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on one side of the beam were increaseé by 0.2 degrees‘and_all the angles
on the otherlside were decreased by this amount. The resulting data isl
plotted in Fig. 21 anditabulated_in Table B. .In the figure the data
.obtained fnom the two sides of the beam is distinguished by the open and
shaded cincles. | |

For the data at each angle approximately 2500 tracks were counted giving
a standard deviationlof 2 percen};° The point at 60,2 degrees in labora-
tory system, however, was‘obtained‘from a plate enposed in the first or
preliminary run, A preliminary analysis of'this'plafe was made shortly
after the run, Later the plate had peeled so badly that further tnacks
“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-
mately * A 3 percent statlstlcal accuracy.

In general, the internal consistency of thé data for each run indicates.
an accuracy within the ccunting'statistics° ﬂxvfhe check points between
runs, thejdifferences are less than 3 percenté which gives an indication
of the.repnoducibility of the experimental condltions from run to run, as
well as giving scme confidence in the absolute anunacy of.the data, One
region of the curve, however, shows an ancmaly'which has escaped an explana-
tion, This is at the center—of—mass angles of 37 4 degrees and 40,0 de-
grees. The consecutive values of the cross sectlon in run number six as
shownbby crosses on the curve in Fig, 21, are reversed in magnitude over
the'valueS'eXpected from the general slope of the curve a£ this point..

From the relatlve values of the overlapping data for these angles from run

- four and the shape of the curve at this point 1t is very unllkely that

any structure in the curve exists as 1nd1cated by this data° Repeated checks
of the data and the assoclated calculations have falled to clear up this
point° The ‘anomaly in these two points is outs1de the 2 percent statistical

)
»
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'TABLE B

MEASURED CROSS SECTIONS ‘AS A FUNCTION OF ANGLE IN THE CENTER-OF-MASS

&

SISTEM AT 9.48 MEV INCIDENT PARTICLE ENERGY

(Laboratory angles shifted 0.2 degfeés)

0.0967. -

ey do (©)/dw  (barns) - .
. 1 2 - A 5 6
9,80 12,20 1,1415
i0.2 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 0.47754 0,4662
20.2 25,2 0.4126 0.4018
R2.3 27.7 , -~ 0.3780
R5.2 31,3 0.3580
27.3 33.9 : 0.3382
30,2 37.4 003116; . 0.3076
- 32.3 40,0 0.3016 0.3099
35.2 - 43.5 0,2804 .
40,2 49.5 0.2392
AR.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 1Y4.4 - 0,0220
102.3 116.4 0,02302
110.2 1 323.8 0,0273
15,2 . 128.3 - 0.0333
120.2  132.7 T 0.0392
122.3 134.5 . 0.,0423
130.2 141.2 0.0527
135,2 145.4 20,0562
140.2 " 149.4 T 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
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| accuracy and the internal censistency of the data above and below this point.

Te faeilitate comparison of the results of this'experiment'with that
of earlier work at lewer energies, the differential cross‘sections_et 1049—;
2.02-, 2,53, and 3.58 Mev are compared with the curve at 9.48 Mev in Fig. 22.
The lower energy data is that of Freier et alzp teken at Minnesota, It is
interesting to note the similarity in shape of'the angular dietribution
curves at ﬁ 58 Mev and é 48 Mev, The minima occur at approximately the same
angle in the center—of—mass system and the two curves are nearly parallel
a@ angles greater tnan about 60 degrees. As expected, however, the Coulomb
scattering becomes significant at a lower.scattering angle for the higher
energy caseo‘ It is also interesting to note the sudden change in shape of
the angular distribution between 1,49 Mev and 2,02 Mevo Actually the change
in shape eccﬁrs between(lQVO'Mev and 2,02 Mev as indicated in reference (3).

. (This curve was left out of Fig. 22 to avoid confusion with tne other data).
This change in snapezappears to occur near the,reeonance energy.of the Li5 :
state at 1.8 Mev2l, For comparison purposee_tne.calculated curve for
ordinarj protenehelium Coulomb ecattering is nlotted in the same figure,

The techniques used in'obteining the_éataAfnen the nuclear plates were 
discuseed in Capter IV. Certain corrections we?e nade to the raw data to
eorrect forithe 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—
cles in'a given swath width due £o multiple’scattering in the absorber. The
amount of the correctlon was determlned from data supplled by the Microscopy

Iaboratory at Los- Alamos. This data was obtained u31ng the graphical method

See reference (3),

21 W, F, Hornyak, T. Lauritsen, P, Mior’r’:Lson.9 and W, Fo Fowler, Rev, Mod Physc‘
22, 291 (1950).
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) devised by chklnson and Dodder22 The correetlon amounted to approximately
6 percent for the 0.008 inch aluminum absorbers used. In additlop, ecorrec-
tions were necessary for the scattering of‘protons from water.Vapor (oxygeh)
given off ffom the plates and from impurities, mainly pitrogen, in the
seette;ing gas. The forﬁer'ié called background‘scattering and the iatter,
impurity scettering. »

The necessary background corrections were determined from the ana1y81s
~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 waé determined from the renge analysislof the Eackground plate at
phe same angle. This number was normalized for the rate of rise taken prior
to each run as compared to that of the background run and, for the inte- |
grateﬁ current used, The correction.ahounted to less than 1 percent at 10
degrees and above 20 degrees was small enough (< 0,03 perceﬁt) to be neglected.

The corredtioﬁ for impurity>seattefing was Based on pure Coulomb
scattering. By calculating the expected.mean proton ranges of particles
scattered from nitrogeﬁ and cbmparing this with the‘accepte& range fof count-
,ing tracks on each plate, the angles over wﬁieh_e-corfection had.tq be
applied were determined. It was found that below 375 degrees, particles
Scattered from nitrogen or exygeﬁ would not be resolved from'the main proton
" peak, As a matter of confirmation of thisg ﬁracks of range longer than the
eecepted were noted on plates at angles from 40 degrees and above, These
. tracks were not counted. |

~ In order to determine the ameuntsﬂof impurities in the helium gas used,

en analysis was made of the gas by Dr. Amos Newton of -the Radiation ILaboratory

using a Consoiidated 1800 Facusing Mass Spectrograph. The results of this

22 W, C. Dickinson and D. C. Dodder, Los Alamos Report LA 1182, (1950),
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analysis showed the primary contaminants to be hydrogeny- 0,02 percent,
nitrogen - 0,02 percent, and oxygen - 0,01 perceﬁto Using these figqres

and the cross.sections for the coulomb scattering oflprotons from nitrogen

and oxygen (see Appendix IV) éorrections were determined for impurityl

scattering. These amounted to approximately one-half percent at 10 degreés
and were complelely ﬁegligible at 20.'degreesc No corrections were neces-

sary for the hydrogen present due first t6 the smaller proton-prcton scétter—

"ing cross section in this energyrrange23. and, secondly, to the fact that

the ranges would be resolved above 15 dégreeso'v
Above 2O degrees there were ﬁb 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"

of thé'range distribution peak. The incident proton beam was noi mono-
energetic and~had a low energy teil from the natﬁrevof its production, This

would, likeWise,'introduce a low energy tail on the fange distribution.

- On the other handglprotons,scattered by_the-slité'wouid 1o§e some energy

and would contribute to this effect, In makihg the selection of the lower

énergy-limit,for acceptible tracks on theplate; this had to be considered.

From an examination of thé range distribution curves for each plate, it

) _
appears that the selection of ranges used would take care of thik effect.

. Further corrections,; if any, would be less than.lﬂpercent and bpen to

considerable error. Thus, ﬁone were made, The.effect of.multiple‘scatter-
ing in the gas was also investigated. The_loss.bf particles due fo this
effect #as found té be §omp1ete1y-neéligib1e; The‘largest effect would
ﬁave beeﬂ at thé’béckward angles where the scatiefed particle erergy is of

the order of 3 Mev. Calculations (based on Réferénce 22) indicated that léss

23 R, R, Wilson, Phys. Rev. 71, 384 (1947).
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than oue~percent of the particlesvwould be deviated by ouly a few thousandths
of a degree and, hence, the—effect was completely negligibleo -

As indicated previously, the.relativevaccuracy of points obtained on
iﬁhe’same,run should be good to the'standard dereiation of the counting
statistics, This was approx1mate1y 2 percent for each p01nt The absolute
~accuracy of the data will depend, in additlon, on the experimen al’accuracy
in obtaining the data, The factors wmose errors enter into the overall
accuracy of the data are the current integration, the gas pressure end
uemperature measurement, personnel factors in reading the plates, the cali-
tuation of the eyepiece retlcule in the microscope and the measurement of
.geometrical factors of the multlplate camera, | (

The aceuracy of the current 1ntegrat10n depended prlmarlly on the
calibration of the,lntegrating condenser. The method used for this has
already.been riiscussed° The capacity-of'tme standard capacitor used was
given to # 0,1 percent, 'Fromvthe Spreed of values obtained in making the
calibration, thelintegrating capaoipy was givem to £ 0,5 percent, A pre-
cision voltmeter was;used to measure the voltegexand.fhe zZero drift'of_the
electrometer circuit was included,.'Thus, a probeoie'error of 1 percemt
appears to be a conservative figure°

Measurements of the gas pressure vere made W1th a precision cathetometer
by at least two observers. From the reproducibility of the measurements,
and thé necessary application of a correction'for 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 glvlng a probable error of £ 0,5
degrees, - R S |

. The propable error in measurement of Y, fhe]yield,on each plate is

somewhat difficult to assign. Frequent'ohecks-of the count on a single
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- "peaks., None were found.
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‘swath by two observérs indicateé, however; an overall accufacy‘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 factofé would be £ 1,5 pércent. For the caiibration of the’
reticule, from the spread in values obtained, a probable error £ O.A‘percent
can be.assigned° .

The measurements of geometrical factqré for the nuclear plate camera
have én estimated probable error of 1essbthan 1 bercent; These are:
a,b ; 0.5 percent; 4- 0.1 percentj L és measured on the plate - O.i\perceht.

(iThe resulting root mean square probable.error for. the measurements .

which entér into the cross section calculation is 2,06 percent., Consider-
ing the avérage statistical accuracy of 2 percent, ? figure of * 2.9:
percent for fhe absolute'standa;dferror can be assiéned to all points
'in the angular range of 25 - 175 degreés (CM). The point at 72.7 degregs
(CM) due to its statistical accuracy of 4.3 percent can be assigned a
probable error of % .4.75 percent. At the mbfe forward angles where large
corrections are needed for the absorbers, an absolute standard error £ 50
percent can be assigned.

iWitﬁ regard to a possible excited state in_Li5 being obéerved, the"
range analyses of each plate ﬁefe examined for bossiblé Jower enérgy proton
. . In addition, during the éounting ;f some Qf'the_\
plates, possible groups éf pérﬁicles of shortérurange were looked for buﬁ
hére again there were no particular rénges that appeared to ocgurfmore Oftén
fhan otﬁers. Thus, at the incident particle energy usedlin this eﬁperiment
and under the experimental conditions used, no excited state of @fwa’s

observable.
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APPENDIX I

THE CRITCHFIELD FORMULA

\

The formula for the differential cross-section per unit solid angle
in terms of theIYield 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=- ‘j:j’ lLfgfﬁi dy dx ,

where givén there. The derivation of this result was originally worked out 1
by Dr. C, L, Critchfield, Professor Qf Physics at the University of Minnesota
and Consultant to the Los Alamos Scientific Laboratories. The following
computation is based on his notes;

Iet the path of the scattered pafticle be along the line R (see Fig. 234).

. Assume the particle is secattered 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'partiéie enters‘the emﬁlsion at a point which
is at a distgnce x from the-center of the plate (determined by the inter-
section of the cénter line through the slits with the beam axis)l Then

a strip on the plate of width w will receive a number of scattered particles

which will be proportional to

dRI = wdx dy sing/RR ,
where ¢ is the angle between R and the detector plate P. The total humber
of partlcles detected in the swath w w111 then be proportlonal to the 1ntegral‘
of this expression over x and y. The limits of the integration will be
détermined 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‘slits° Let vy be thé disténce‘from the axis at which
R passes fhrough the first ér.inner slit. Let B‘be the same coordinate for
the Secénd slit. We obtain expressioné for x and y in t erms of ¥ and B and
the geometrical constants from the similar triangleé’formed bj-tﬁe slit
edetectbﬁ‘geometry,‘ (See Fig. 23B) We must.also express siﬁ $ in terms df ’
. the angles 8 and a and the'distapce R in tefmﬁ_of Y, By and functions of
6 and a. | |

.From the geometry we havée the following relations:

tan (¢ -a) = X sin © -'Yl = Y=-B _ B+ xsina _
. _ n-ycos ® £ ‘m - x cos & (4)
R 2 (r-p)?

L-ycos@-xcosa ya | (B)

£

sin (f-a) = Z‘Trli_‘T s oo (B9) = Gz . (O

\

From these relations the necessary relations for x; y, R and sin &, are

obtained. These are:

R s @
T e | @)
R='%[ﬁ-yco‘§e-xcos@/mf o ®
np el - Spgapapus @

The next step is the evaluation of the Jacobian for the transformation

of the differentiél,elements, i.e.

- aé?_ng . ox
J(xy) NCE o

e
1
op

]
Q”Q)
<leg
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-

Ffom .equations 1 and 2 we obtain by partial differentiation:

X |dx _ m-XCcos a _ . 9x _ -(m+£) + x cos a |
3y “#sin a + (y-P)cos a 9B Asina + (y-P)cos a-
2y n+£‘-/ycosg 9y -n+ycos @

8Y _Ksin 9 + (Y-E) cos O ’85 ,251n 0 + (y-FJcos ©

For the Jacobian we have - ' ‘
’ m-X CoS G - n+,£-y‘cosG

-(m+4) + xcosa =-n+ycos®

. - 6(xy). ‘ ;
v J (xy) |  (vf) _[Zsin 9+ (Y_ﬁ)icos Q:\ [ﬂSin a + (y-B) cos CL]

e

Expanding the riumerator gives

= [L—xcosaa-ycosQ],@ ,
J (XY) v [fSln o + (‘Y—ﬁ) COsj [ﬁs:.n a + (Y"’B) cos (I] . (5)

The expression for d?1 can now be evaluateds ] o
w sin o . S |
21 o= 2Rl oy ey e (6).

vSubs‘ytituting equations (3) '(b,),' and (5) into (6) giveé

N wi3 [(Y—-E)cos a+ £51n a] ar ap

421 = - '
[[?+(Y-£3)%3/ [L-y cose-x coscﬂ [Is:m@w*(Y—ﬁ) cos@] [Z s:.nco—(Y_E)cosaJ

NOTE: the similar bralcketer ﬂerms in numerat‘or and dgnomlnator are not
c':ancelied out fo make the treatment simbléro : /

Let | .
. X = [L-y cos® - x cosa] [fsm@—- (- )cosQ] Efsm a-(y-B) cos a] y
which makes the dencminator X ° I:,Zz + (y- [3)2]3 o Substltutlng in X

for x and y and expandlng yields the flnal expression for X:

X = L {sin® sin a {l*‘ (Yeﬁ).cot a+ Lnii;j@_ﬂ [cot 9 - cot a]
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and

d21 = w /3 E(Ywﬁ)cos a+ Asin a| dy df
x[e2 4 ()2 ]2

: w3 [1** (Y=P) cot ,] dy dﬁ
- LZsm o[£?+ (Y £)2] 32 {l+ (y=P)cot a + m(Y £)- %[,ot o-cot ]}

Further simplification is possible by setting

m (cot @ - cot 9)’ Q- (m+4) (cot a = cot 9)

P . . '
' L ’ ‘ L (7)
Then 2: ‘ ' S
, 2 \ _ :
r- LR er (eb) cot o] avep
L'sin0[1 + (7‘) ] 2% (y=P)cot a - (Py-QP)
a.,nd so
| . . wdy dp | 1
dI = - ’
: =g 2] 3/2 - _Py - @B
L £sin 9[1 ¥ <Y_,Z') ] . 1-g+ (Y—B)cot a

These two terms can be expanded in series form. The first term is of the form

(1 i w) /2 =K (1-3/2u+ 158w+ --) -,

while the second term is of the form Ti'f‘—l =14+ u+ ul e,

Such an expansion gives

Lo ‘v -
e R (o 1[“5*;?* e i)™ -

The second bracket term can be expanded furthers:

/

. . __Py-Qf Py=QB 1 = Py-QB { — ﬁ Y-P 2 }
first tem'ﬁ(ygﬁ)co’m: 7 I+I:E . Z | 1+Y7/E COta’f'(—_lr) 'cqt2a+-o- ’
' 7 cota

_ a2 | :
second term: =(E-YZQ§-> {1“.2 IZ—?’- cot a +_3(Y77/E_)2, cot2 a+ ,,_,} .
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”Retaining only second order terms in ¥ and B gives:
e g -3 0B g - e o] (g
dY dp
:£§ino -3 (x_ﬁ) _IQ'B‘ (Mﬁ) (&&”@ (mg)z]

Expanding the integrating over ¥ from -a to +a and over B from -b to

+b gives the final result for I:

' ' 2,02 a2+ b2 | 2
¢ . ha bw a” + b Pa® + Qb Pa? + Qb
I L2 sin® { - 22 < - 3g< cot a + 3] 2

~with

p = mcot a - cot 9) q = (m*f)(cot a - cot. 9)
. L 3 . L

This treatmént, it shouldﬁge-noted, ddeé not include corrections for
the finite width of the beam, for variations in do’ (8)/dw with R or for
'the finite.swath width wo The first correction has been idécussed in Cap-.
‘ter 2 and can be neglected. Ligewise; the third correction is also
negligibleQ Concérning thé second,.Critchfield says, "Of the neglected
corrections, the bnly one that might amount to séméthing is the correction
to the differential crdss section for different angles of scattering
:(through the‘slit'system)o" Thus using o (@) for do-(8)/dw an expansion
éaﬁ be made in Taylor's series fofm ,

o (6 + pa) = o= (8) *+ (f0a) o (e) * -
¥ o () +(v-H/L o' (8)
= o (0) {l'«%(‘! -@/ﬁ o*‘,’é/or@ },

since f-a is small and

tan (f-a) = (f=a) = v-B/L | |
In its interaction with the term(PYw¢@L£,in'the'expfessionvfor 4?1 above,



-89

this correction leads to the additional correction term

Pa2 + Pb2 . c’“(é)
34= o (0)

i+ ’
since indeed o '(8)/o () willAbe a relatively small term, it will male
this second order correction térm e&én smaller and hence-completely"

~ negligible. Calculations also show that the maximum vélue of the correc- -
tion to;the simplified cross‘section,fonnula‘used in phis e#periment is -
less.th§£ Oal.percento This occurs in the neighborhood of 90© in the

, laboratory system..
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APPENDIX II
COLLISION MECHANICS FOR PROTON-HELIUWM SCATTERING

The general expressions for certain of the fundamental quantities in

elastic scattering and their trans formation to center-of mass (C.M.)

coordinates have been discussed in Chapter II.  These ralations will be

derived below based on cléssicél non=felativistic meéhanicsa

Consider a particle of mass My initiai velocity Vo and initial energy
E; incident on a stationary pafticle.(in the laboratory system) of mass Moo
ASSuming elastic scattering to occur, the prqducﬁs will be the two particles
of mass My and M2 but these move off with new velocities V; and Vp and
gnergieerl and Ey respectively in the laborapdry system. Following some-
what the notation of Carlsonxét a1k, The scattering pfocess can be pictured

as shown below:

[
! M1
]
l .
| fs .
i Viem
— A
M1 Vo |
- ; cm
Eo

B

—————— ==
N

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. In the figure then O is the proton scattering angie

in the laboratory system while @ is the proton angle in the center-of-mass-

system. In this system, it should be noted that the two particles are

2h B, Carlson, M. Goldstein, L. Rosen, and D. Sweeney, La-723, (1949) .
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approach;ng each other.and after the collision they go_off in exactiy
opposite directions;- -
Applying the conservation ofvmomentﬁm to the process we note tﬁat
the momentum before the collison is the same in either system so:
My Vo = (Mg + 1) Vom ,
which gives _ '-; - _ . ' ' N
Ve = M7 105 0 =ﬁ+ﬂ§FM——_1E'Q' ' | (1)
Since My =1 and Mp = /4 in the proton helium case, then :
| Vem =1/57s =1/5 J2E,. (@)
. From/the vectors in the figure we note that the»following felations
hold befﬁre the collision:
(1) Velocity of the proton in the C.M, system. is
Wem = Vo - Vem B S ®
(2)‘ The velocity of the target nucleus in the C. M. system before
coilisioﬂhisj Vécm = = Vem.
These givev :
VHecm =-1/5 -‘70’ and ?r;cm =~; thecm,_g L/5 Vo .- (14-)
Applying the conservation of energy during the collision gives the
condition that the kinetic energy in the center-of-mass system ié conserved
during the collisioﬂo\ The total kinetic;energy'after the collision is
equal to the available_kine£ic energy before the collision.
Thus, 1/2 My Vlcm2 +1/2 M2‘V2cm2 = incident energj less the'kinetlc energy.

of the center«-bf—ma.ss° This latter quantity is”obtained from: .

KBop = 1/2 (M3 + Mp) Vg 2.

" Substituting from Equation (1) gives

My

_ . : : (5)
My + My : : - '

KBem =
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For the proton-helium. case, KEmniz 1/5 E%-

The expression for the conservation of energy becomes

' 2 2 = p. _ v Mo ' 6
1/2 M]_,Vlcm + 1/2 M\g V-?-cm Fo WEO WE ( )

To:determine the center-of-mass angle from the known laboratory angle fér
the scattering process, the‘geometry is again referred to. Applying the law
of sines to the upper triangle
: l

sin 8 - sin8 5
Ve Tem = (7)

and likewise 0 + § = the center-of-mass angleo‘_From\equations (1) and (3)

the velocity of the incident particle in the center-of-mass system becomes
Vlcm =/2 Eb__ My - 2 Es _ | Mz 2 By
' Ml My + Mo Mp | M1+ My My -

Substituting for Viem and Ve in Equation (7) gives

sin 8 = ML sinoe. N
‘ Mo v
Thus, @ = 0+ sin™t (1/4 sin 0) R (9)

for the proton helium collision.

In determining the relative intensity of the scattered particles in the

1

twodcoordinate systems, note that these are inversely prbportional to the

elements of solid angle in the two systems. Thus .
I (rL) 2nsinada =1I(0) 2'n»sin 4o
and

) _ sin0 do
sinss  da

(10)

/\f\
S

In order to convert the cross section in the laboratory system to
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t_hé center-of-mass system, the fight side of this expression must be

| evaluated. From the figure again,

Vem = V1 cos © - Vi cosr , ¢ \ ' (11) - |
. 4 R
Viem _ 2! » _ .
sin @  sina ’ o (12)

and from the law of cosines

V12 = Uen® + Vim® * 2 Vg Viem cos o - . (13)

Substituting for Vycp, Vi and Vep in Equation (11) gives

, LMo+ M, /_E M (14) :
cos - _Mé___ %, cos @ -~ ¥, i
) !

3

Differentiating this with respect to .o considering Ej/Ep as a function of

gives ' 7 V2 _
My + M do [B My + M BY7'< d (B

-sina = - .]WE_Z sinQ In E.%'— +1/2 —]-T'I—z—z- cos G('E%'), -d—o_(-ii%) .

~

To determine E1/Eo as a function of n,Vop and Vicm are substituted into’

éxpi'ession (13). This gives

E%=A+B+"2/ABcos a8, | (15)
where & =Gy + 12)2 and B = (TR

;

Then

= 2 /AB sin a.

3
&

This gives °

. [B/E, . de [B1/E, o
--s:u‘:.n.-"”‘/BI sin 6 g5 -1/2 —%—Q cos 8 2/AB sin a .
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Then the final expression for the intensity ratio is

) _sin0.do _ /E(Elv/}v:o)l/2 -J/ABcos & :
) “sinn dn B/E, ’ (16)

I(n

I(o

'To determine the energy ratio E/E, in terms of the laboratory
scattering angle O equation (12) gives

. Vl
sin @ = cm
V1

sin o -

and to determine an alternate expression for cos . the expressions for

V1 and Vq,, are substituted giving

Jﬁg /Eb;Ei sin;l s

sin &

and from this

it

cos n

'/1—(1/3) (EI(EO) sin® ©. - | '_ (17)

Substituting this expression for cos . into Equation (15) gives

E1/E, =A+ B+ 2 /AB - A B/, sin? 6 . - (18)

The solution of this for Ey/E_ gives

F1/E, = A (cos % J/B/A - sin? 0) 2 | (19)

In the proﬁonshelium scattering case £he iﬁcideht rnucleus is lighter

than tﬁe targét nucleﬁs and it is scattered”with'a single discrete eﬁérgy
in an elastic encounter. Thus, only one solutioﬁ for E1/E, has physical
significahceo This must be the solution with fhs positive sign as caﬁ Bev'
shown by the result when 0 goes to zerolat.whichipoint-Eh = Ey. Substituting

the numerical values for A and B givés

- Eb/Eb = 1/25 (Eos 0+, 1éssin2é>2, o (20)
VR Ep'.) _ /aB JB/a - sin?0 _ u/25 /16-sin%
. I (9)

B/ ~ = B/ B - (21)
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In a similar way the expression for Ep/ E, may be obtained. Applying

the law of cosines to the lower triangle in the figure gives
2 oy 2 2
Vz an + Vzcm + 2 Vzcm ch COs Lo (22)

Substituting for Vocp, Vey gives

2 2 M, \2 2 ' '
T -2 () e s 2

2 1/2 MoVo? E/ 2 1Mo -
———E-;LZ- = TE.% =(ﬁ;§5§2’ (L -cos ) .
By a similar process to that used above, an eXpreésioh is obtained for cos Q-
in terms of sin ¢o’ The subsequent solution for Ep/E, is
Ep/E, = 4 %%%{'—Z‘ cos? ¢

and . Eyo/Eo = 16/25 cos? § .
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APPENDIX III
EXPERIMENTAL DATA
| TABLE A,
EXPERIMENTAL DATA FOR VARIOUS RUNS

RUN GAS PRESSURE GAS TEMPERATURE INTEGRATED CURRENT
(em Hg) - (oC) - (micro-coulombs)
1 20,031 25,15 9,402
2 5,162 25,80 BEVAAES
4 20,400 | 28,20 10,183
5 37280 26,80 27,374
6 10,370 26,20 5,552
TABLE B,

GEOMETRI CAL CONSTANTS OF THE MULTIPLATE CAMERA
Slit width: a =Db = 0,045" = 0,1143 cm,

Slit spacing: £ = 2,875" = 7,55 cm,

. Plate angle: 110 46!

16,066 cm + distance from edge of photographic

i

Center axis: L

4

plate to center-of-gravity of proton track density

distribution,



o BEAM ENERGY VALUES

-

Run Lab - Range Energy E, FRun Lzb, Range Energy Ej
ingle (Microns) (Mev) (Mev) ingle (Microns) (Mev) (Mev)
2 . 9.8 497 9.43 - 9,50 5 67.3 295 6.92 9.45
’ 16,2 492 9.37 9.45 70.2 202 6@88 9,63
12.3 493 9,40 9,51 72.3 276 6.66 9.48
12,7 498 9,45 9,57 80,2 243 6,18 Q.44
14.8 486 9032 .48 85,2 = 226 5,91 ' 9044
150.2 . : 478 90'24 9040 9002 2.10 »5065 ’99414' .
17,3 482 9,26 9,47 92,3 207 5,60 9,52
20,2 LT3 9,18 9,47 97.3 190 5,32 9.46
, 100, 2 182 5,18 9,46
6 17,3 480 9,25 9,46 102,3 176 5,08 9.45
20,2 479 9,24  9.53 110,2 157 LoTh  9Debd
22,3 483 9,28 9,63 115.2 148 bo'15 9049
25,2 68 9,12 9,57 7 120,2 137 he36 9442
27.3 - 460 9.03 9.55 122,3 134 4030 9,43
- 30,2 bl 8,85 9048 - 130,2 - - 120 4,03 2,36
32.3 L2 8,82 9,53  135,2 116, 3,92 9.41
) . 140,2 107 3,76 9,30
4 30,2 440 8,80 9,42 S
32,3 440 8,80  9.51 4 12,3 108 3,77 9042
35.2 436 8,75 9,60 - 150,2 101 3,62 .41
40,2 /16 8,52 9,60 . 152,3 100 3,60 9.4k
4263 402 8035 9.52 , 160,2 96 3,52 9049
5002 ’ 368 7092 9050 1@203 94 3047' 9041
52,3 360 7.82 9,51 170,2 - 93 . 3645 9,51
o 172.3 92 3,41 9043
1 60,2 331 Tobde - 9,60 - ' » "
: , , ./
. AVERAGE VALUES o : ////’—\"J
Run Number of Flates Average (Mev) / L
1 l . ’ 9060 .
2 8 : _ 9.48
4 14, C 9048
Z 17 9645

7 | 9.53

At

Total for 47 plates:  .9.48-Nev' O,15-Mev
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APPENDIX IV

COULOMB SCATTERING

.A. Proton-Helium Coulomb Scattering.

In order fha"b a comparison can be made of the effect of the conbined
nuclear and Coulomb fo:;ce'é"‘-On the angular distribution of the scattered
- protons with tha£ of Coulomb forces slone the cross section for Coulomb
scattering is éalculated here, The differential cross section in the

center-of-mass system”"i‘s given by the relation

i AR\ 2
do* (a) =<51529 \“ cosech (%) R
dw 27 v2/ '
where M = reduced mass = My My s is the center-of-mass angle and V
Ml +M )
2

is the relative velocity, This mgy be rearranged into the form

do (‘.‘O') =<le e > Ml * U )2 cosech (£21.>

dw

-

For the proton-helium case 2 =1, 22 = 2, Ml = 1l,and M, = 4,

This gives

do- (Q) = L x<—5—) x .46‘ cosecA. (—-‘2%)’
dw 16

Introducing the velue of 9,48-Mev for Eo’ the differential cross section

for the Coulomb scattering of 9,48-Mev protons from helium is



)

=99~

a0 . \ 2

The cross sections for several angles that were used to plot the curve

shown in Fig,. 22 are given in Table I.

'B. Proton-Nitrogen Coulomb Scattering,

In Chapter VII +the éb'rre_ctio'ns,for impurity scattering were dis-.
cussed, The differential cross sections for the scattering of 9,48-Mev’
protons from nitrogen nuclei are given here, One is concerned with

corrections to the number of particles recorded on the photographic

. plates in the laboratory system, For this the differential cross section

for Coulomb scattering in the lsboratory system is

e 2
do (8) (le x > cosec39 [cot e+ %sc 0 <I\’12
2 - 2
d uJ /csc29 <Ml>
2

where v is the velocity of the incident proton and’Ml its mass,

Mlv

Since the initisl emergy E_ = 1/2 M v? this may be written

d o-' (0) - <£1£2e2>2 cose¢49 cos@ + /1 -(ﬁ-2_> sin<Q |
dw 2B A ) -
1l -\ sin<Q ‘
' . C ; -M2 T



=100~

For nitrogen 2., = 7 and M2 = 14, Hence,

v

2

\

. i . D
- 0.00283 cosec™® [°°‘°‘9 + J1-1/9 Sinze] ;

qaw [ - 1/196 sine

d o (8)

The positive sign is used in the case of the proton-nitrogen case since
the incident ﬁucleus is lighter than the target nucleus, - The cross
sections used in calculating the correctioen for impurity scattering

are given in Table II,
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TABLE I
DIFFERENTIAL CROSS SECTION ~ COULOMB SCAITERING
Protons on Helium |

C.M, 4ngle do (Q )

- (degrees) d W (barns)
10 ‘ 1,5800
11 1.0800
12 0,7640
15 B 00,3540
20 | 0.1000
25 - 0,0420
30 0,0200
35 0,0110
40 “ 0,0067
45 0,0042

TABLE IT

DIFFERENTIAL CROSS SECTION = COULOMB SCATTERING
Protons on Nitrogen

LB Angle do (8) -
w0 (barns)

10,0 ' 12,276

| 12,5 . 5,039
15.0 2.439
17.5 1.321
20,0 ' : 0,778
22,5 0,489
25,0 . 0,322 @
2705 ' 0,222
30,0 0,158
32,5 0,116

3500 ' ‘ 00086
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