ik UCRL-481 REY

>.

L

-

Ll

X

Y

1

g

Z

4

O

[

-

5

1.

O

> ( )
- TWO-WEEK LOAN COPY

(&) This is a Library Circulating Copy
L] which may be borrowed for two weeks.
> For a personal retention copy, call
2 Tech. Info. Division, Ext. 5545

RADIATION LABORATORY




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



The Scattering of Protons by Protons Near 30 Mev
Using Photographic Plates as Detectors
By

~Franklin L. Fillmore
A.B. (University of California) 1938

DISSERTATION

Submitted in pertial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in

Physics
in the
GRADUATE DIVISION
of fhe
UNIVERSITY OF CALIFORNIA

Approved:

® 9 0000800000000 0006000 BRI A A B A R * P e s es v o000

I I A R A R I I I I A R N A I I I I I I A A A A R X

Committee in Charge

Deposited in the University Library......... ceaceesscsenssssarsssesnessanaen
Date Librarian



-2-
THE SCATTERING OF PROTONS BY PROTONS NEAR 30 MEV

USING PHOTOGRAPHIC PLATES AS DETECTORS

ABSTRACT

The scattering of\29.4 Mev protons by hydrogen gas at 1 atmosphere
pressure has been studied using the beam of the Berkeley linear accel-
erator. The beam, co1limated to a diameter of 1/16 in., passes through
the gas and constitutes a line'source of scattered protons. The scat-
tering angle of the scéttered protons is measured directly in the
emulsion of 50 g Ilford C-2 emulsions. Measurements of fhe range of
the scattered protons was made on a fraction of the tracks. From
range-energy relations established in the magnetic field of the 184-
inch cyclotron fer the emulsions used, the primery energy of the pro-
tons before scattering was found to be 29.4 + 0.1 Mev, Protons were
observed in the angular range 10° < 6141 < 80°; two independent sets
of scattering data in the angular region greater or less than 45° are
thus obtained; a valuable internal check on observational errors or
background or impurity effects is thus possible. No statistically
significant difference in the two regions was observed. 10,934 tracks
have been tabulated; this results in the statistical error approximately
matching systematic errors such as those due to tolerance of plate
geometry, observational error, etc. Cross sections obtained are abso-
lute; the beam is measured by absorption in a Faraday cup and charge
integration on a low leakage condenser. The most significant result of
these experiments is the apparent absence of expected repulsive P wave

and of D wave effects.



1. INTRODUCTION

One of the important fundamental studies in nuclear physics is
that of the natﬁre of nuclear forces. The simplest nuclear interac-
tions are the nah, n-p and p-p interactions. The experiment described
in the following paper is concerned with the p-p iﬁteraction. Exact
information regarding the nature of these elementary interactions
should be useful if not absolutely essential to the clear understand-
ing of the nuclear interaction in more complicated systems. Since He?
is not bound, the only way of obtaining information about the p-p
interaction is by performing scattering experiments., This has been a
fruitful method of obtaining information about atoms and nuclei ever
since the classic work of Ruthefford in 1911 in which the scattering
of a-particles on gold was studied. One of the chief results of these
early studies was that the Coulomb law of force is valid down to quite
small distances (about 10-12 cm) from the atomic nucleus. At shorter
distances it was observed that the results of scattering deviated from
that predicted by the Coulomb interaction alone. Thus a nuclear force
characterized by a short range made its presence known.

The scattering cross section for the scattering of charged parti-
cles by nuclei at energies so low that the particles do not penetrate
to closer than about 10732 cm from the nucleus may be obtained by
applying wave mechanics to the system with Coulomb forces. The result
is the well-~known Rutherford scattering formula which was originally
derived by Rutherford on strictly classical grounds. The classical
and wave mechanical results are the same only for an inverse square
lew force. In the scattering of identical particles, the conservation

of momentum shows that the scattering is symmetric about 90° in the
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center df mass system (non-relativistically). Since the particles are
indistinguishable, the classical theory merely adds a term in which
the supplement of the scattering angle is inserted into the Rutherford

formula. It was first pointed out by Mott(l)

that the application of
quantum mechanics to the system of identical particles gives an essen-
tially différent result; namely the addition of a so-called interfer-
ence term which arises due tc¢ the cross-product in the square modulus
of the scattering amplitude. This occurs because the wave function
for the system must be properly s&mmetrized accordingly as the parti-
cles obey Fermi or Bose statistics.

Since protons obey Fermi statistics, in p-p scattering the total
wave function must be antisymmetric, so for the singlet state (spins
antiparallel) the wave function must by symmetric in the space co-or-
dinates while for the triplet state (spins parallel) the wave function
must be‘antisymmetric in the space co-crdinates. Since in a scatter-
ing experiment one uses an unpolarized beam of particles, these two
states must be combined according to their statistical weights, 3 for

the triplet and 1 for the singlet states. The cross section which is

observed is thus of the form
<5‘_q)=l(§{> . 3 (@_‘
dw/ 4 \dw 4

singlet du) triplet
1 % v
-Zlf(e) v £(n-0)]%+ %lj‘(@) - £(n - )2

U}

l2()]% + |£(x - 0)]% - 2{e*@)2(r - 0) + £(0)*(n - 9)

where the scattering amplitude f(Q) is given in the asymptotic solution
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of the wave equation for the Coulomt field:

oikz+in In x(r-z) | gikr-in dn Y
Y~ r
Here M= i;—, k = %?L s B = reduced mass, and v = velocityvin the cen-

ter of mass system. The above wave function has not as yet been symme-
trized.
The result of the wave mechanical treatment assuming a Coulomb

(2)

interaction between the prbtons is the well-known Mott formula

, 9c-M>
(dor) 1 <e2)2 1 . 1 i cos(2v1 In tan
awlgy g4 \we2) | egy s %u o o, oM
sin® —=  cos* — in? —= cos? —

where § = % and M = méss of proton., For identical particles obeying
Bose statistics the sign of the last term in the bracket is reversed.
The cross section can alsc be expressed in another way; namely in
terms of the contributign of the separate orbital angular momenta. The
expression for the scattering amplitude for a screened Coulomb field

expressed as a sum of the separate orbital angular momenta is
e o4 .
£5(0) = i > (20 + 1)(eA% - 1) By (cos egy)
ik p-o

Here Op) is the phase shift due to a screened Coulomb field alone and
appears in the asymptotic form of the solution when the radial part of
the wave equation is separated in the usual manner (Method of partial

waves).
Ul(r) ~ sin(kr - ndn 2kr o&+ £>

If a nuclear potential is present, 0y in the above is altered; no

other change in the form of the solution is required. It is customery
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to replace 0y by O +§2 where %2 is called the nuclear phase shift. .
How{ever, é‘Q is not the phase shift which would occur if the Coulomb
field were switched off leaving only the nuclear field. .The nuclear
phase shifts é? depéﬁd on the form of the nuclear potential describing
the interaction between the two protons., This provides a means of
comparing theoretical potentials with experiment, for one can assume a
given potential and calculate the phase shifts from it, then compare
these with the experimentally determined phase shifts., This is the
method used by Breit, Condon and Present.(B)

At sufficiently low energies only the first phase shift &, will
be important to the scattering. Thus only the S-wave contributes to
the scattering. Since the iriplet S-state is forbidden by the exclusion
principle, there will be only singlet scattering at low energies in
contrast with the n-p scattering where both singlet and triplet scatter-
ing occur at low energies. A rough semi-classical estimate of the
energy at which the P-wave begins to contribute can be made as follows:

an interaction of the L-th partial wave will take place only if £ <:%

where a = range of nuclear forces.

h a M
A= ———m {(F+ m = reduced mass = %
Vomkgy 1’ 2

h2 42

S EcmD W a2 ~5 Mev using a = 2,8 x 1073 cn

Thus one would expect P-wave effects to begin to be noticeable at
energies of around 10 Mev in the laboratory system. It has indeed
been found that low energy p-p scattering can be interpreted, with

possible small deviations, in terms of S-wave scattering only.
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(4-18)

Experimentg have been performed by many observers covering an

(23) (17)

energy range up to 14.5 Mev and recently at 31.8 Mev , 240 Mev s

and 340 Mev(lg?

Unfortunately the accuracy of the experiments in the

region above 7 Mev and below this work has not been sufficient to

permit significantly different conclusicns tc be drawn as compared to

the conclusions obtained from the more precise low energy experiments.
A general variational approach to scattering problems has been

(20)

developed by Schwinger. Thié provides a new method of analyzing
p-p scattering data by using the experimentally determined phase shifts
to determine the values of the variational parameters and then compar-
ing these with the values derived from an assumed potential. This
method is less laborious than the earlier one and also has the feature
that the variational parameters can be related to the rhysical proper-
ties of the system. The essence of the variational method is to de-
rive a relation giving the variﬁtion of the phase shifts with energy.
This will involve the variation pasrameters, which are to be d;mpared

(19)

with experiment. As outlined in Jackson and Blatt, the variational
method leads to an expansion in powers of energy for a quantity K

defined as

1]

n cot So (=in)\ _
: emn - 1 " Re (r(-in) toq

The expansion is

-

K = R(- iy % rok? - Proké + qraxl - )
a v

where R =-§§2 and k2 =-%%2 . M = mass of the proton. a, ro, P, Q

are parameters related to the range, depth and shape of the potential.

The parameter a is the p-p analogue of ;the Fermi scattering length
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evaluated at zero energy while rj is an "effective range" of the nu-
clear forces. P and Q are shape factors for the potential. It was
shown that all terms beyond the third in the expansion have sufficiently
small coefficients that they are negligible in the low energy work.

The third term, although not quite negliéible above about 6 Mev, is

not large enough to permit a good determination of P with the experi-
mental accuracies available. Only rather broad limits can be assigned
to P.. Thus the present low energy experiments permit the determination
of only two parameters of an assumed static potential of interaction
between the particles. The essential conclusion drawn from these
experiments is the fact that these parameters calculated from the p-p
S-wave interaction are essentially the same as the parameters calcu-
lated for the n-p S-wave interaction in the singlet state.

This investigation was undertaken in orcder to extend p-p scatter-
ing data into the region where the contribution from scattering in
higher states of angular momentum should certainly become significant.
The proténs used in this experiment were prédﬁced by the Berkeley
linear accelerator. This accelerator provides a beam up to an energy
of 32 Mev, the beam being of small diameter and small angular diver-
gence and thus well suited to scattering experiments. Thekauthor is
greatly'indebted to the members of the linear accelerator crew for

.
their efficient operation of the machine during the bombardments.

It was felt that the importance of the problem of p-p scattering
in the 30 Mev range justified that the exﬁeriments be performed by two
(23)

entirely independent methods. OCork, Johnston and Richman have

undertaken the study by means of a proportional counter method. This
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paper describes the results obtained by means of an apparatus using
photographic plates as detectors. The results reported here are nof
final; it was felt however, since most of the theoretical implication
of this work does not rest on the features requiring the highest at-
tainable accuracy, that publication at this stage of the work is ad-

visable.

II. DESCRIPTION OF THE APPARATUS

A, TIdeal Geometry

The first use of photographic plate technigues in the study of
(13)

p-p scattering was made at the University of Rochester at 7 Mev,
In the Rochester experiment an annular exit slit was employed which
resulted in a one to one correspondence between track position and
scatltering angle. This reduces analysis of the plates to a simple
counting operation. The problems associated with slit‘scattering and’
penetration to be expected at 30 Mev led us to adopt the more labor-
ious method, namely of actually measuring the scattering angle of all
tracks directly in the emulsion., The method is made practical in this
energy region by the small multiple Coulomb scattering in the emulsion.
Range measurements were made on 130 tracks which ended in the emulsion.
This, together with the known range-energy relation for the emulsion
usedy, provided the means of determiring the primary energy.

The proton beam from the linear accelerator is first monochroma-
tized and collimated to 1/16 inch diameter by means of equipment des-
cribed below. The beam then passes into the scattering chamber in

which plates are disposed symmetrically about the beam in the manner

shown in Figures 1 and 2, The solid angle subtended by an infinitesi-
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mal swath of width W and length L parallel to the beam is given in
terms of the distance d from the swath to the centerline of_the beam,
the offset Z of the plane of the emulsion and the beam and the direc-
tion ©14p from the infinitesimal swath to the point on the beam from
which the solid angle is being measured. It is easy to show that the
solid angle is given by

WLZ .
dw = d3 Sln3 91ab

If we ignore the finite size of the beam, the probability of a proton
being scattered into the solid angle dw about the angle 071, is
o),
P ladb
where Ny is the number of protons scattered into duw, Np is the number
of protons passing through the scattering chamber and n is the number
of scattering centers per cm? normal to the beam in the length 1 of the

beam from which the Ny protons scatter, and (dc/duﬂlab is the differ-

ential cross section in the laboratory systém. It is easily shown that

n=Ny;d csc? 81ab 4C19p
where Ny is the number of scattering centers per unit volume. We
therefore obtain

Bt - (gg_ E%Z sin €14p dO1ab (1)

(5)
p dw/1gp d
For the transormation to the center of mass system we have, since (non-

relativistically) 6.p = 2 61ab

(£1_0_‘> I S (sl_g
dw cm 4 cos Qiab dw ab

Eqn.'(l) then transforms into



~11-

—= = Nyl —] === 8 (cos 2 614p) (2)
Np 4w ) 62

N dcsj WLZ

which forms the basis for all cross section computations. It is to be
noted that in this simple geometry the number of tracks corresponding
to a given interval in solid angle is simply proportional to the differ-
ential cross section without any further angular dependenée.

B. Non-Ideal Geometry - Design of Plate Holder

The scattering geometry depends linearly on the offset Z of the
emulsion face toward the beam center. 1In thé apparatus as described
here Z ¥ 0,070 in. and therefore if data were based on the tracks as
measured in a single plate, an excessive dependence of the calculated
absolute cross section on beam position would result. To obviate this
. difficulty the plates were arranged in a symmetrical array sbout the
beam center as is shown in Figure 3 which shows a photograph of the
plate support structure. Figure 1 shows one pair of plates only. If
the measurement of cross section is hased on the sum of the tracks
measured in paired plates (see Figure 1), then the fractional error €y

due to an error 52 in beam centering parallel to Z may be found as

follows

Z - Sy Z+ 7
Ny = K :
v [y2 + (2 -5)% T2 2+ 52)2}

522
=KT-2-Z—[1=3(S + .. .

We thus see that
2

In a similar manner the fractional error €p due to an error ép in the
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face to face distance D between the emulsion faces is given by

S
D

ép = (4)

end the error Ey due to an error éy in y, whefe 2y is the edge to edge

distance between paired plates, is given by

28y

Ey = Ea (5)

The ratio between the number of tracks reccrded in the two members
of a pair of plates depends linearly on the off-center displacement of
the beam. If Ny and N, are the tracks recorded in the two members of a

pair, we have

Z - 57
N+ =K
17 %524 (2 -55)2
Z+éZ
No = K
Therefore
Nj - Np ~ Sz (6)
N1+N2 Z
and hence
e, o (N1-N2\ . (327 1)
ZE\N, v N, \32 v 22,
1+ N ye+ 2z

The error in absolute cross section due to lack of beam centering can
thus be evaluated directly by an internal check on the symmetry of the
track counts. Experimentally it has been possitle to keep the error

€ well below 0.1 percent corresponding to a centering error éZ of less
than 0.01 in. A similar calculation can be made on the effect of beam
centering in the y direction. It is to be noted that this, and other

possible geometrical errors, have no bearing upon the relative cross
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section but only on the absolute measurements.

The errors éD and Ey are independent of beam position and are
only dependent on the accurate relative location of the plates. To
achieve this required accuracy, a precision plate holder-cartridge
(Figure 3) was machined out of lucite and duraluminum, Figure 4 shows
the base diagram of the cartridge end plates. The faces A-A are held
to a tolerance of + 0.0005 in. by means of go/no-go gauges which were
applied before and after every run, The cartridge was designed to hold
up to 20 plates for simultaneous_exposure. This design was adopted
during the initial stages of testing of the Berkeley linear accelerator
when it appeared that the proton beam current might be very small.
Since the current is now more than adequate for this experiment only 6.
of ﬁhe plate positions are being occupied. It also seemed inadvisable
to place plates with their emulsions facing one another, since calcu-
lation shows that the probability of a proton scattering out of one
emulsion face.and entering the opposite emulsion cannot be considered
negligible. It was experimentally determined that about 1/4 of the
tracks entering the emulsion scattered back out again, the remaining
tracks going on through or stopping in the emulsion.

In addition to the precision gauging of the distance A-A (Figure
4), precise determination of the face to face distance requires also
knowledge of the photographic plate glass thickness and flatness and
also kngwledge of the emulsion thickness. The plates were measured
after processing to + 0.0004 in. using surface plate and dial gauge
equirment. A correction was applied for emulsion shrinkage using a

shrinkage factor of 2.0, Since the emulsion thickness used is only
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50 4 = 0.002 in., the uncertainty in shrinkage factor produces negli-
gible error. .

The plates are held onto the cartridge precision faces by means
- of light springs which assure positive contact with the surfaces A-A.
The cartridge is always kept either in vacuo or in a desiccator to
avoid possible warping due to moisture absorption.

The cartridge is centeréd in the barrel of the gas handling system
by means of 6 steel balls, two of which are spring loaded, thus pro-
viding a correct kinematic support. The collimator (see Figure 2) is
aligned with the barrel to within + 0.004 in. As a result of this it
is assured that if the beam is centered at one point of the scattering
volume, it is centered at all points. The final centering of the beam
is made by adjusting the analyzing magnet current and checking with a
fluorescent screen., The final criterion as to centering does of course
rest on the actual track count as outlined above.

Egn. (2), on which the cross section calculations are based, is
strictly true only if the incoming beam constitutes an ideal line
source. Errors due to the finite diameter of the beam have been inves-
tigated in detail. The result is as follows. If the radius of the
beam is R then the ideal formula Egqn. (2) is multiplied by a correction

factor of

1/R\ % 1]
1+=(2 cos Bep - 1) = = (8)
4<dj [ o 2 |
where the integration over the beam has been carried out under the
assumption that the differential cross section is constant over the

range of integration. Since R is of the order of 1/32 in. and d > 0.500

in, this correction never exceeds 0.15 percent for all angles and is
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therefore negligible.

The finiteness of the scattering length of the beam does not
introduce & correction but simply introduces limits on the rénge of
angles which can be considered a&s originating in the gas. This re-
stricts the smallest angle which can be read unambiguously to 3°© on
the inner edge of the plate and to 8° on the outer edge. In practice
angles were read in the interval:

10° S opp € 800 (9)

A further small geometrical error ﬁorth considering is the oblig-
uity of incidence of the protons on the photcgraphic emulsipn. An
elementary calculation, which also takes into account the finite width
of the beam, shows thét this error cannot exceed 0,1° and is usually
much less. This source of error has thus been neglected.

A further deviation from "ideal" geometry which has been consid-
ered is the probability that a proton will enter the emulsion, then
scatter back out again and re-enter the emulsion at a "hill" in the
emulsion. This effect can be estimated with knowledge of the waviness
of the emulsion. A microscopic measurement was made of the flatness of
unprocessed emulsion surfaces and it wasg found that the "waviness"
amounts to less than .l p in height per 150,000 sq. p of emulsion sur-
face. Combining this information with calculation of the emulsion
scattering, this effect appears négligible.

C. Vacuum and Gas Handling System

Figure 5 shows the precision machined barrel mounted on a stand
together with the collimator holder, vacuum system and hydrogen supply.

The collimator is connected to the output flange of the linear acceler-
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ator analyzing magnet through a universal adjustment joint which per-
mits accurate alignment and centering. An entrance window, ahead of
the adjustment joint, of 1/4 in. diameter made of.0.00I in, aluminum
separates the hydrogen volume from the linear accelerator vacuum.

The chosen operating pressure of Hp was 1 atmosphere; for 30 Mev
protons the broadening of the beam due to multiple scattering in the
chamber is only 0,011 in, Multiple Coulomb scattering of sufficient
magnitude to enter the plates 1s thus excluded. The nuclear cross
sections aré sufficiently small such that plural nuclear events are
excluded alsoc.

Figure 6 shows a schematic diesgram of the gas system. In a p-p
scattering experiment using a gas target one of the mainbproblems is
that of gas purity; at this energy however, this problem is of course
less significant than at lower energy since the Coulomb cross section
falls off faster with energy than the nuclear scattering yields. The
principal source of impurities proved to be water fapor or othér con-
taminants evolved from the photégraphic rlates themselves. Since the
scattering angles cover the range of 10° <671, <80° it was possible

to check the presence of impurities by an asymmetry of tracks about a

‘laboratory angle of 45°. These tests indicated that it was necessary

to dehydrate the plates for at least 4 hours in high vacuum before data
could be taken. Figure 7 shows a typicél dehydration curve of the
plates, showing that after a pump-out time of 4 hours the partial
pressure of impurities would not rise to more than about 0.0l percent
of the total pressure in a 30 minute bombardment.

Considerable trouble was encountered from peeling of the emulsion
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from the glass surface when this outgassing procedure was used. After
many unsuccessful experiments to reduce peeling by taping the emulsion
edges, covering the plates with collodium, etc., an emulsion (Ilford
C-2; 50 u thickness, Emulsion No. 2 2199) was found which withstood
the outgassing treatment without peeling difficulties. All attempts
to use Eastman-Kodak NTB emulsions proved unsuccessful.

After pump-out the scattering chamber was isolated from the pump
and liquid nitrogen‘trap (to preserve thermal equilibrium) and hydrogen
was admitted throﬁgh a palladium leak. This lesk (Figure 8), designed
by Dr. L. Johnston and Mr. E. A. Day, consists of a palladium tube of
1/4 in. dismeter and 0.006 in. wall thickness, internally supported by
ceramic rings. It was heated to a temperature slightly below red heat
by passing a current of approximately 70 amperes directly through the
tube, corresponding to a dissipation of approximately 250 watfs. The
external pressure was maintained at a pressure of 500 p.s.i. of Hy. At
this pressure differential the chamber (volume ~ 4 liters) could be
filled in 20 minutes to a pressure of 1 atmosphere., The leak was
outgassed by heating in vacuo before every run and tested for impervi-
ousness to gases other than hydrogen by an external helium atmosphere.

The pressure was maintained at a constant pressure differential
against atmosphéric pressure by means of an oil filled mancmeter which
simultaneously served as a pressure regulator. During the run the
palladium leak was operated continuously thus changing the Hp gas once
every 20 minutes. Most of the gas was removed by a vacuum pump throt-
tled by a needle valve; a slight excess bubbled out through a manometer-

regulator. The density of the oil in the manometer ("Litton" diffusion



-18-
pump oil) was determined by weighing. The pressure excess used was of
the order of 10 in. of o¢il, i.e., only 2 percent of the total pressure.
The atmospheric pressure was read to 0.1 mm on a precision mercurial
barometer. Difference in altitude between locations of the barometer
and scattering chamber introduced a correction of 0.6 mm of Hg.

The gas temperature was read by means of an accurate thermometer
in contact (maintained by a water cup) with the heavy brass barrel
containing the gas and plate cartridge. The only question then is
whether t£e beam barrel is in temperature équilibrium with the gas.
This point ﬁas inﬁestigated'by introducing thermocouples into the
hydrogen gas and onto other points. Couples were located: 1) near
the center of the vessel in the scattering region. 2) At the outer
edge of the hydrogen volume. 3) Along the copper tubing leading hydro-
gen into the chamber. The three couples showed differentials corres-
ponding to less than 1° C. One of the couples was surrounded by a
yadiation shield consisting of a polished aluminum cylinder; presence
or absence of this shield did not‘affect the temperature readings.
Problems regarding temperature equilibrium appear to-be insignificant
here, aé contrasted to earlier work on this subject; the reason ié
presumably the high pressure of hydrogen used.

D. Beam Collimation

In any high energy experiment of this kind the principal concern
is the reduction of background. "Background" tracks observed were
principally attributed to the foilowing causes: 1, S1lit scattering
on collimator apertures, 2. Particles starting from chamber walls

and from plate holders. 3. Protons generated by n-p collisions in
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the chamber gas. 4. Neutron knock-ons and neutron induced nuclear
processes in the emulsion. Let us now discuss the various meaéﬁres
taken to reduce the sources of background.

Figure 9 shows the relative disposition of collimator and the
photographic plates. Two considerations affect the choice of collima-
tor material: one is the neutron production in the collimator parts,
and the other is the fraction of incident protons which will scatter
out of the slit after having penetrated the material. The first point
mekes carbon a logical choice: the total yield for neutron production
in carbon is only approximately 1073 at 30 Mev énd the energetic upper
limit on the possible neutron energy is 10 Mev. This means that a
neutron formed on carbon does not have sufficient energy to produce a
nuclear reaction when impinging on graphite. Accordingly the collimat-
ing disks were made of graphite and in addition the faces of the plate
holder which could "see" the photographic plates were lined with graph-
ite. As to the second point, nasmely the problem of the proton scatter-
ing out of the slit after initial penetration, calculations® show that
if the edges of a carbon slit of full range thickness is hit by a beam
of 30 Mev protons, an amount will scatter out of the slit corresponding
to the number of protons incident over a strip of width 0.001 in. For
lé;d the corresponding number is 0,007 in. A low atomic number colli-
mating disk is thus of advantage here. From this point of view either
Be or C are favorea; howeve; the small neutron binding eﬁergy in Be
makes the choice of carbon the most reasonable. It is essentially
impossible to deéign a collimator such that no secéndary protons can

* This calculation was made by E. A. Martinelli, to whom thé author
is indebted.
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reach the photographic plates; the present design (Figure 9) simply
minimizes the slit scattered protons, consistent with a given length
of collimator. The number of slit-scattered protons can of course be
further reduced by lengthening of the collimator, however at the ex-
pense of decreased mechanical tolerances. There are still a large
number of slit-scattered tracks on the plates (for statistics see
Section III-b) but these cannot fall on the plates at an angle.exceed-
ing 8° and are therefore not included in the tabulation range.

In order to attenuate the neutron flux through the scattering
regions and the region of the plates; the collimgting disks were sur-
rounded by copper pieces. Coppef has a mean free path of approximately
4 in, for inelastic events for fast neutrons and hence appreciable flux
reduction is possible. Also an additional 2 mm aperture was introduced
shead of the analyzing magnet (see Figure 2) which reduced the number
of protons incident on the collimator and hence reduced the neutron
flux.

One of the effects of neutrons in the hydrogen chamber is to pro-
duce n-p collisions resulting in erroneous proton tracks. In order to
reduce the hydrogen volume "seen" by the plates a cone turned of graph-
ite was introduced to cut off the hydrogen region not traversed by
hydrogen scattered protons (see Figure 9).

It should be pointed out that the efficacy of the background
reduction measures does not have to be evaluated by calculation but is
experimentally determined both by background runs and by the symmetry
of tabulated tracks about a laboratory angle‘of 45°, (See sections

III and V.)
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E. Integrator_

The beam, after passage through the scattering chamber is inte-
grated by collection in a Faraday cup. The integrator was constructed
by Mr. Lee hAamodt. The charge is collected on a low leakage condenser.
Details of construction of the instrument, the method of calibration
and the test for secondary emission are described in the report by

Cork, Johnston and Richmano(23)

I1I. TECHNIQUE OF GATHERING DATA

A. Microscope Technique

The plates are scanned under a high power microscope to count the
number of scattered proton tracks. A4 97x oil immersion objeétive is
used with 7.5x eyepieces. The data required are the angle 6,y and the
distance d éf the entering point of the track from the beam center. We
recorded O31g, and the co-ordinates xg, yo of the point where the track
enters the emulsion. X was recorded to enable one to relocate indi-
vidual tracks when checking the counting which another person has done;
this will be discussed later. The actual.redording is done by photo-
graphing the readings of three rotary counters which are connected to |
the microscope drives by flexible shafts. A Recordak Jr., Model J.C.
microfilm recorder® was rented for this purpose, and the three counters
pléced on the stage of the microfilm recorder. One eyeplece has a
specially built worm drive attachment so that it can be rotated for
measuring the angle of the scattered proton tracks. It‘has d reticle
with a hair line ruled on it for this purpose as well as a scale

* Can be rented from: Recordak Corporation, 561 Clay Street, San
Francisco, California
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representing a length of 100 microns (actually 102.0 + 0.5 microns) so
that ranges of tracks can be measured accurately. The other eyepiece
has two accurately parallel hair lines which correspond to a separation
of 127.0 + 0.5 microns. Tracks which enter the emulsion between'thése
lines are counted, so that a swath 127 p wide the length of the plate
is read at one setting of the microscope carriage y co~ordina£e.

The plate holder on the microscope carriage was designed and con-
structed by W. W. Brower to permit very accurate alignment of the plates
in the microscope and accurate re-inserting of a plate if it has to'be
removed from the micrscope at any time. Plates were re-inserted ac-
curately in the plate holder to cléser than 0,001 in. after a 6 month
interval. The plate is clamped securely by a spring which presses it
against two indexing ledges; one at each end of the plate, which cor-
respond in position to the indexing surfaces in the scattering chamber
plate holder. These indexing ledges were observed to be accurately
paerallel to‘the axls cf the lead screw on the microscope carriage x
co»ordihate drive £o within 1/1000 of a radian. The hair line in the
goniometer eyepiece can be set parallel to these indexihg ledges to
within 3/1000 of a radian. The accuracy of its alignment is checked
every few hundred fracks to insure that the mechanism has not slipped.
Thus any systematic error in measuring ©14p is less than 0.2°.

The rofary'counter which records 614y can be read to 0.1°. Back-
lésh in the mechanism is less than 0.3°. The vernier scale on the x
end y co-ordinate lead screws of the microscope carriage are graduated
in thousandths of an inch -and were checked against a Bausch and Lomb

standard showing that they were accurate to closer than one part in a
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thousand. The separat%on of inside plate edges of paired plates in
the scattering chamber plate holder was measured‘to be 0,992 + 0.002
in. The y-distance from the axis of the geometry to the center of a
swath is obtained by adding half of 0.992 ig. to the distance from the
edge of the plate to the center of the swath as read from the y co-or-
dinate of the microscope. Thus the distance y to the center of a
swath is measured to within about + 0.001 in. (See Figure 10). .

B. Criteria for Counting Tracks

When one looks at a plate it becomes quite evident that many of
the tracks seen are obviously not scattered protons at BO‘Mev, but are
what we call a non-confusable background. Such tracks are caused by
scattering from the collimating slits; neutrons producing'knockaon
brotons in the gas and plate holder material, protons scattered back-
wards from the 1 mil aluminum exit foil, or scattered protons which
strike the walls of the chamber and are there scattered through a
large angle either elastically or inelastically. The majority of such
tracks are non-confusable since they are obsefved‘tb have quite low
energies. This non-confusable background, including slit scattering
which enters at 615y < 8°, is very roughly double in number to the
number of good tracks on the plate.

In addition to this obviously non-confusable background, one sees
tracks which can easily be mistaken for good scattered proton tracks
but which upon more careful consideration can be shown to be spurious.
Such trgcks are due to the small fraction of the background protons
mentioned in the preceding paragraph which happen to enter the emulsion

at an energy very nearly correct for their scattering angle 6, These
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tracks are about 8 percent of the good tracks, and their detection is
a matter which requires a fair amount of skill and judgment on the
part of the observer. Since it was desired to have several observers
counting tracks it was necessary to undertaske a training program which
would insure that all observers were competent to detect these barely
non-confusable tracks ané eliminate them. To this end several criteria
were established for the judging of each track, and each observer was
carefully instructed in their application. Spot checks on the counting
of each observer have been made and an estimate of the reliability will
be giﬁen later., In order to establish the basis for the criteria and
also to consider the angular accuracies of this method it is first
necessary to investigate the multiple scattering of protons in the
emulsion,

The mean square of the plane projection of the scattering angle
of a particle of unit charge, momentum p and mass m, traveling a dis-

tance x in an absorber of atomic number Z and numerical density N

ls(24,25)
4n9422Nx Smax
é" P> In Onin (10)
1 3 1/3
where Opi, = 2 2 / 2 2/ is given by screening and

Cp i81 1372

8 = is given by the finite size of the nucleus. Thus
max = 5 s ré le; g J

Egn. (10) can be written (nonwrelativisticaily)

: 2
2 _ _2mr 2 1/3 .
<i§;V-P1 G /mesyz W 1o (181 21/3) (11)

where ro = 2.82 x 10-13 cm, m ig the electron mass and E is the energy
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and is assumed constant along the path. The composition of the Ilferd

(26)

C-2 emulsions used is given in an article by J. H. Webb. The

result of summing Eqn. (11) over the components of the emulsion is

@V.p> 2 = 19.7 %2 (12)

where x is in cm and E is in Mev. The squere root of Egn. (12) can be

found to be

interpreted as the slope of a trajectory after having undergone the
RMS scattering. Since E will vary along the path, we must find

gAv.plq as a function of x by a numerical integration along the
path. (Figure 11) We can then find‘the mean displacement y as a
function of x by a numerical integration. The.measurement of the
scattering angle ©14p is done by measuring the secant over a certain
optimum length x of track. The rcot mean squafe error in this measure-

ment due to scattering will thus be

<i:}§:>écat. = arctan (y/x) (13)

A plot of<<:}Q::gbat, vs. x for various energies is shown in Figure 12.

The determination of the optimum length of track for measuring
61gp Will now be discussed. There will be an error in O1gp due to
inaccuracy in setting the goniometer eyepiece hair line. This is due

to finite width of the hair line and grain diameter. The value we

~

_d - |
<é€>— = (14)

(26)

adopt for this error is

where d is the grain diameter which is about 0.3 §4 according to Webb

while we obtained a slightly higher value, namely about 0.46 p, using
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formulas he gives. We will use the value 0.4 p for d. Values of
<iz%9 are plotted in Figure -12 along with those of{ 86 Jscgt,. In
order to minimize the error in angular measurement we must adjust x so
as to equalize these two errors. A plot of optimum x vs. ©),1 is given
in Figure 13. The probable error of the angular measurement 4814y is
now‘given by 0.6745 V[E_times the value of{ 086 )ycgt, read at the
crossing points on the curves in Figure 12. A plot of 8@1gp vs. 81ab
is shown in Figure 13. We have neglectéd scattering in the Hp after
proton scat@gring but this has a negligible effect on the results. An
experimental range-angle plot of 130 traéks (Figure 14) to be discussed
presently shows good agreement with the above values of 403g4p.

It is evident from Figure 13 that the probable error in measuring
9igb becomes excessive as 0]1gp approaches 80°. A more accurate meas-
urement can be made by obtaining 8]1gp from the experimental range-
energy relation of protons in the emulsion used, shown in Figufe 14.
The plot contains 130 trecks, and the solid curve represents the best
fit based on a range-energy relation of the form R = aE1°72 which is
the range=-energy equation given by Bradner, et al.(27) Since

E = E, cos? ©1gp, the probable error in ©1gp is found to be
867, = 16.7°-§3-cot 61t (15)

where OR is @he rrobable error in the range measurement. -ﬁg-rapges
from about 3 percent at 65° to about 15 percent at 80°. This gives
801gb = 0.23° at 65° and 8674y, = 0.44° at 80°, While the probsble
error in angle could be improved by using the range method down to

©1ab = 60° or even lower, the author decided upon placing the limit
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at 65° where the error in direct angular measurement is not excessive,
because tﬁe range measurement is quité time-consuming for the longer
tracks.

Since the plates are inclined at a small angle to the beam and
the thickness of the emulsion is known, one can calculate the range in
which a given proton will dive clear through the emulsion. Let us
call this dive distance &. The angle B at which a proton enters the
emulsion is easily obtained for various 83, from the geometrical
dimensions cited earlier. To P we must add the effect due tq scatter-
ing in the emulsion, the maximum value for which was taken to be
3¢ 46 cat.. If E is constant along the track, it can be shown that

(24525)

the mean displacement 1s given by

& 27%—x2 <i§AV~p1;:>2 (16)

where x is measured along the track, and hence appfoximately from Eqgns.

(12) and (13)

<:§é:>%cat

The unprocessed 50 g emulsion will shrink about 16 percent when dried

u?.

12 1/2
Jifq - {igézéﬂlgf? = 2,56 %;5 (17)

by evacﬁation, so we have the followiﬁg equation to solve for &:
<% + 7,68 ¢%;> E= 4.2 x 1072 em (18)

P was taken at its maximum value over the beam for a given 81gp thus
giving the shortest possible E. The resulting values of E at different
positions on the plate are plotted vs. 074} in Figure 15, which also

shows 247 experimental points taken at the center of the plate. On
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the basis of tﬁese points, the minimum value'fori was lowered 15‘per—
cent from ihe theoretical curve and this was used as a criterion in
determining which tracks were good. It is thus presumed that if a
track dives through the emulsion too steeply it did not come directly
from the beam and thus is spurious.

We may now summarize our criteria for determining good tracks.

1) Each.track must have glab:: 10° and O34y = 80° as determined
by a range of 8 microns. (R= 8 u.) ‘

2) The energy of the track as estimated by its grain\density must
not be inconsistent with its ,angle. This is done by visuwally comparing
thé grain density of the track in question to the grain density of good
tracks at close to the same ©141. This requires careful judgment on
the part of the observer, but since only about 3 percent of the tracks
counted were at all questionable from this point of view the probable
error og/the results will not be greatly affected by this,

3) For O1gb between 65° and 80° where the grain density criterion
is difficult to apply, a better criterion is available; namely, a
combarison of range vs. angle. If the angle of a track as measured
with the goniometer eyeplece disagreed with the‘angle as determined by
the range measuremént by more than 4 times»the probable error as com-
puted by the scattering formula above, the track was discarded.

4) Each track had to satisfy the dive distance criterion as dis-
cussed in the previous paragraph. |

Teble I gives a typical sample of the total number of tracks
scanned, the number of those accepted as good and the numberlrejected

with the reason for rejection.
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Table I. Typical Data
Plate | Length | Tctal Good Tracks Spuricus Tracks
scanned | tracks | tracks | obviously | Grain Dives Angle
not con- |density too |[inconsistent
fusable wrong | steeply] with range
P190 | 0,222" 83 35 45 . R 1 0
P19l 355 131 39 90 1 1 0
P192 450 149 67 77 1 3 1
P193 .291 179 - 35 139 2 3 0
P194 292 170 44 121 2 3 0
P195 .300 132 44 85 0 3 0

It might be remarked here that although this procedure appears to
be a somewhat elaborate analysis of the plates, itlsimply uses fully
the information contained in nuclear tracks; namely, track position,
ionization and direction. The rejection of tracks entering at an
incorrect angie is equally justifisble as is the selection of a particle
trajectory by two counters in coincidence.

C. Background runs

Since the elimination of all "confuéable" background tracks is
not possible it is necessary to make some measurements to see how much
background is present. The causes of background have already been
discussed so we will only describe here the methods of measuring back-
ground. Two types of background runs have been made; one wherein the
chamber is kept evacuated during the run, while in the other hydrogen
was admitted as in the scattering runs but a graphite tube 3/4 in. in
diameter was inserted axially in the scattering chamber so as to sur-
round the beam and thus prevent scattered protons from reaching the
All other geometrical factors were the same as in the scatter-

plates.

ing runs. These background runs were made immediately after the
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scattering runs.

Comparison of the counting of tracks on the background runs with
that for the scattering runs showed that the high vacuum runs gave
about 0.7 pércent éonfusable tracks and the run with the graphite tube
gave abéut 2.1 pefcent confusable tracks. No angular dependence was
observed in the vacuum run. The background in the graphite tube run
was concentrated toward scattering angle €1,p> 50°; It is believed
that the background is dueito inelastic events in the carbon and does
not represent an applicable correction. The vacuum background has

been aprlied as a correction to the absoclute cross section.

IV. PRIMARY ENERGY

The primary energy can be obtained by comparing the measured
range of therscattered pfotons as a function of angle in the emulsion
with the experimentelly known range-energy relation. In the work of
Bradner; ot al.(27) it was found %hat the relativistically extrépolated

(28)

range;energy relation given by Fowler, Lattes and Cﬁef was esgsen-
tially cofrect, but that small variations occur when one compares
different emulsion baﬁéhés. They also found a small effect caused by
varying the amount of dehydration of the emulsion just prior to expo-
sure. Beczuse of these variations, the accuracy claimed for the range-

0.581 (27) Gas + 2

energy relation E = 0.251 R given by Bradner, et al.
percent. In order to cut down on the error in the energy measurement,‘
the authors have calibrated the emulsion used in this experiment at an
energy near that at which comparison with the energy of the scattered
protoné is to be made. The method used is the same as that descrited

by Bradﬁer; et al. Plates were exposed in the 184-inch cyclotron
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after being pumped in the high vacuum of the cyclotron for 6 hours so
that the plates were thoroughly dehydrated just as they were in the
écattering runs. The range and energy was measured for 85 tracks and
the resulting points plotted on a range-energy diagram, shown in Figure

16. The data of Fowler, et a1,(28)

is shown by the dotted line while
the solid line representing the best empirical fit to the experimental
points give ranges which are 2.5 percent below the ranges given by
Fonler, et al. 28)

The probable error‘in the energy megsurement[ of the proton by
radius and field measurements.in the cyclotron is found to aversge 0.8
percent while that of the range measurement is 1 percent plus 0.95
percent for straggling or a total of 1.4 percent per point. These
errors, assumed to be random normal errors, are then combined in the
usual manner to give the probable error of the experimental curve,
which is thus found to be 0.17 percent. This error is a spread normal
to the curves of Figure 16 and corresponds to 0.24 percent in range.

The experimental range-energy plot for h&drogen scattered protons
in this experiment is shown in Figure 14, where the solid line is the
best fit of the form E = 0.251 RO'581 (determined empirically by count-
ing the number of points lying above and below the curve), and the
dashed curves represent the thecretical probable error 464, calculated
earlier, By éoﬁnt;né-the number of tracks in the four sections of the
graph, we conclude that the theoretical values for 806j4) are suffi-
ciently accurate for our needs. The observed range for giab = 459 is
1058 + 5.4 microns. When the 2.5 percent experimental correction

(25)

obtained above is applied to the Fowler, et al. range-energy data,
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this corresponds to an energy of 14.59 Mev at the plates. The energy
lost in the hydrogen after’scattering at 45° is 24 Kev, so the energy
after scattering at 45° is 14.61 Mev. The relativistically correct
formula for the kinetiglenergy of a scattered proton whose primary

energy is Eo in the lab system is given by

2 ..
E = Eg cos® B01gb . (19)

E .
1+ 552 sin? 81}

This gives the energy before scattering to be 29.4 Mev,

The probable error of the observed range is seen from Figure 14
to be + 5.4 microns or 0.51 percent which when combined with the prob-
able error of the range-energy relation gives a total probable error
of 0.56 percent for the range; using the exponent in the Bradner, et
al., raﬁge—energy relation th%s corresponds to a probable error in the
primary energy of 0.33 percent or + 0.1 Mev, Note that this represents
the probable error of defining the central value of the‘ energy and not
necessarily the energy spread. By analysis of the geometry of the
enalyzing magnet it can be shown that the beam is monochromatic to

+ 0.18 Mev.

V. ESTIMATE OF ACCURACY

A. Errors Affecting the Relative Cross Section

In discussing the errors in this experiment it is necessary to
distinguish those errors which affect the accuracy of the absoclute
cross section only from those affecting the angular distribution. Let
us discuss thevlatter first,

1. Statistics. 10,934 tracks have been tabulated. ' The number of
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subdivisions in angle is of course arbitrary and has to be chosen in
accordance with the rate of angular variation of the observed cross
. section. If the data are tabulated in 4° iniervals in the laboratory
system (Figure 17) then the, maximum raté of variation per point is
sbout 2 probable errors and therefore probably significant. At this
angular interval the statistical probable errors vary from + 2.3 per-
cent (at 43° labofatory angle) to + 3.3 percent (at 126 laboratory
angle).

2. Reliability of Observers. Three persons have been engaged in

reading the 10,934 tracks. About 2/3 of the tabulated tracks have
been read by one of.us (F.L.F.) and the remainder by W. K. H., Panofsky
and Mrs. Sue Gray Al-Salam, to whom the author is greatly indebted.

To check the reliabilit& of observers F.L.F. has re-read samples of
plates read by other observers. The re-reading cannct be done in a
 manner which is completely independent of the first reading because it
is impossible to reset the swath posifion to closer than about * 5
microns. This means that tracks which are near the edge of a swath
might correctly be counted inside by one observer and.outside by another.
The method used was to scan along a swath until a good track is found
and then to look at the other observers' data and see if they had
counted this track. In tabulating tracks missed, allowance is made
for tracks which start near the edge of a swath. It is felt that the
number of tracks ﬁissed by both observers is less than 1/2 percent so
that to a good approximation we may tabulate the difference between
the first observer's count and both observers' coumt as being the

number missed by the first observer. - The results of the principal run
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are given in Table II.

Table II. Reliability of Observers

Original{No. of {No, of No. of| No, of No. of No. of |Net cor-

observer| tracks |tracks tracks| tracks tracks tracks |rection
counted|recounted| missed| incorrect-| which | recorded| per
by F.L.F. 1y counted| could twice observer
not be {percent)
relocated

SGA 89% | 200 3 4 1 1 + 1.5
FLF 5320 610 7 6 1 3 + 0.8
WKHP 1736 253 14 4 3 1 - 2.4

No systematic difference in angular distribution was discovered in the

tracks missed.

3. Accuracy of Angular Measurement. It was shown in Section III

that in the interval 10° < ©1g4p < 65°, where the angle is determined by
direct measurement, the probable error in 6y, varies from 487,y ='i 0.3°
at 81gb = 10° to 8815p = + 1.0° at 814y = 65°. In the interval

65° < 81y < 80°, where ©1,p is determined from range measurement,

881gp = £ 0.23° at O14p = 65° and 86741 = *+ 0.44° at 01,4, = 80°. Owing
to the slow variation of cross section with angle, the angular uncer-
tainties do not contribute appreciably to the error in the relative

cross section.

4. Geometrical Errors. None of the geometrical errors discussed

contribute to the uncertainty in relative cross section.

5. Impurities and Background. The total number of "confusable"

tracks observed in the background runs was 0.7 percent with no signifi-

cant angular correlation. Thus background effects flo not appreciably
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vcontribute to the probable error of the relative cross section.

The impurity content can be estimated from the rate of rise of
pressure with the chamber isolated and the rate of pure gas exchange.
The result gives about one part in 25,000 for the maximum impurity
content. Even at 614p = 109 the Coulomb contribution to the scattering
yield due to the impurity (taken as Z = 8) is thus only 7 x 104 of the
observed proton yield.

A1l background effects, impurity scattering and systematic obser-
vational errors, are detectable by the fact that they presumably do
not poséess the symmetry about a laboratory angle of 459 characteristic
of like particle scattering. Figure 18 shows the data plotted separately
in the angular intervals QlabEZ»ASO._ There is no statistically signifi-
cant disagreement between the data in the two angular intervals.
Nevertheless, the statistical error of any internal check of this kind
is twice as large as the statistical error of the combined data. One
can therefore conclude from the absence of any systematic dis-symmetry
that the effect of impurity scattering and background is not larger
than the statistical error of the coﬁbined data; by the preceding
arguments it is probably much smaller thén this.

It appears as the result of tﬁis discussion that a conservative
estimate for the probable error of the differential cross section is
V2 times the statistical error of thé combined data.

B. Errorsg Affecting the Absolute Cross Section

As was discussed in Section II-B the error is greatly reduced if
the absolute cross section is obtained by adding the tracks counted on

symmetrically located pairs of plates. The basic formula for the
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absolute cross section is then -

G%)cm W Np Nf:z%éos Bem) Z< LZ ) i 2( 17 > (20)

2472 2472
y+Zl y+Z'2

where >Nt represent the sum of all tracks counted in the increment
3(cos O¢p) in plates 1 and 2. The summations in the denominator give
the solid angle factor weight for each swath, this being necessary
since L and y are different for each swath. We will now discusé the
errors contributed by each factor.in Eqn. (20); these errors will be
denoted by € with appropriate subscripts.

1, Statistiecs. Owing to the fact that the observed differential
cross section is essentially flat rear 815p = 459, the tracks in the
angular range 40° = 87,4 =50° have been combined to give the absolute
cross section data. There are 1350 tracks in this angular range on
which the computation is based, corresponding to a statistical prob-
able error of &4 = 1.84 percent,

2. Pressure Measurements. The pressure measurement 1s certainly

accurate to 0.3 mm of Hg which corresponds to an accuracy of 0.2 mm of
Hg in the reading of the mercury barometer and 2 mm in the reading of
the oil manometer. This gives &€p = 0.04 percent.

2. Temperature Measurement. The principal question as to accuracy

of temperature measurement rests on the problem of temperature equilib-
rium discussed in Section II-C. It was concluded that equilibrium was
established to within 1° C, correéponding to & = 0.3 percent.

4. Errors in Beam Integration. a) Standard Condenser. 4 polysty-

rene insulated condenser of nominal capacity 0.01 ufd was sealed in a
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glass tube and calibrated against a General Radio Company standard
condenser (certified accurate to 0.1 percent) by means of a ballistie
galvanometer method. The calibration was made both before the runs and
6 months later; during this time a shift of 0.75 percent occurred.
Owing to the slide-back system used no correction for lead and collect-
ing cup capacitance is necessary. We consider this equivalent to a 0.4
percent probable error. b) Condenser Voltagé. The condenser voltage
was measured by a standard cell-potentiometer method, accurate to 0.1
percent., c¢) Condenser Time Constant. The condenser time constant was
in all cases greater than 500 hours; this correspbnds to a possible
error of 0.2 percent. d) Secondary Particles from Collector. The
tests made to check on secondary particles are described in the paper
by Cork, Johnston and Richman.(23) It is concluded there that the
effect of secondaries is less than 1.0 percent provided a proper high
retardihg voltage is used. We shall use a 1.0 percent probable error
for this effect. Combining the integration errors we obtain:
€1 = 1.1 percent.

5. Plate Separation. The error in plate spacing is defined by

the machining tolerance of + 0.0005 in. of the plate holder, 0.001 iﬁ.
can thus be considered a limit of error and 0.0005 in. a probable
error. The plate thickness measurement has a probable error of

+ 0.0004 in. These errors combine quadratically to give &p = 1.11
percent.

6. Swath Separation in the y-Direction. The error in plate‘edge

to edge separetion was measured to a probable error of + 0.002 in. A

swath is about 0,006 in. wide, so the value of y in the cross section
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formula has a maximum uncertainty due to swath width of + 0.003 in.

I+

Taking half of this for the probable error we find &y = + 0.0018 in.,
whence £y = 0.36 percent.

7. Beam Centering Errors. As has been discussed in Section I1I-B

the errors due to beam centering as affecting the cross section derived
from adding counts in pairs of plates can be calculated from the dif-
ference in the counts in pairs of plates. In Table III, 7843 tracks
from the individual plates as obtained in Run 37 have been listed.

This source of error is thus seen to be negligible.

Table I1I. Date from Individual Plates
(The notation is that of Section II-B.)

Pair | Pair | Number Number of tracks | g N1-N &y,
No. of tracks | ZL/y? | weighted by -2 = 2
: scanned area and | 2 N1#N3 | percent
swath distance
1 1127 10.94 103.0
A .1237 0.021
2 1412 |10.69 132.1
1 1006 | 16.00 91.5
‘B .1766 0.044
2 1449 11.08 130.8
1 1299 11.24 115.5
c .0538 0.004
2 1072 10.34 103.7
Meen Error | 0.023
percent

8. Swath Width. The swath width of W = 127 u has a probable

error of + 0.5 u or 0.40 percent.

9. Other Geometrical Errors. Other geometrical errors which have

been considered and found negligible are
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a) Errors due to lack of centering in the y direction.
b) Errors due to "scattering out" of tracks.
¢) Errors in knowing length of swath L.

10. Observational Errors. The observational error is much more

serious in the case of the absolute cross section than it is in the
case of the relative cross sections. The tabulation in Section IV-A
shows that different observers diverge by a root mean square amount of
1.7 percent. This has been taken as the observational probable error
in absolute cross section. The absplute croés section has a correction
of -~ 0.1 percent applied»to teke care of the tracks missed and dupli-
cated. (See Section V-4(2).)

11. Uncertainty in Background. A correction of - 0.7 percent has

been applied as a background correction.. The probable error of this

correction is taken as + 0.5 percent.

12. Combination of Errors. If the errors enumerated sbove are

combined quadratically we obtain:

€absolute cross section - & 2+0 percent.

VI. RESULTS

A. Summary of Runs.

Table IV summarizes the four runs upon which these results are
based. We list all of the data taken for each run except for the
detailed breskdown of the number of tracks counted in Qach angular

interval.
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Table IV. Summary of Runs

Run| Date Type |Time for|Temp. | Pressure{Charge|Ny Np Total
No. of Run|Pressure (mm of |[Col- . No.
to reach Hg) lected ' Tracks
1074 mm (Cou- Counted
(sec.) lombs)
28 | 2-7-49 |Scat- | 5.2 |18% | 747.6 |l.6x |4.95x |1x10ll} 3091
tering A 10-8 }1019 :
37 |3-11-49|Seat- | 3.9 |24.3%| 757.0 |1.401x 4.%12x 0.8745| 7843
tering 10-8 1019 |x1011
33 |2-26-49|Back- | 1.2 - 104 {1.5x | -- |0.9x |12 con-
ground 10-8 1011 | fusable

38 |3-12-49| Back- 3.0 21.5%C| 761.0 |1.5 4.98x |0,99x {37 con-
ground 10~ 1019 1011 | fusable

B. Absolute Cross Section

The absolute cross section for a set of paired plates is calcu-
lated from Eqn. (20) with Np expressed in terms of tgg condenser volt-
age and capacitance, and Ny expressed in terms of pressure and tempera-
ture. The number of tracks observed in the two plateé between 8om = 80°
to 100° is weighted by the solid angle factor as previously explained.
The results thus obtained for the three sets of plates are then weighted
according to their statistics and averaged gi&ing the final result.
For this calculation we have used the results of Run 37 only since the
total charge collected in the earlier Run 28 wés not known to better
than about 2 percent. We thus obtain 15.94 + 0.48 millibarns per
steradian for the sbsolute value of the cross section at 6qp = 960 at
an energy of 29.4 + 0.1 Mev,

C. Angular Dependence

The angular dependence of the cross section is found by dividing
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the number of tracks counted in each angular interval on all the plates
by the sine of twice the laboratory angle at the center of each inter-
val respectively. This gives relative vaiues for the cross section.
which are then normalized to the absolute value over the interval
40° =0314p =50°. The probable errors to be attached to each value
thus obtained depend only on statistiéé as previously explained. The

results are shown in Figure 17,

VII, DISCUSSION OF RESULTS

A detailed analysis of these data has been undertaken at this

(29) It might be well here to dis-

laboratory by Christian and Noyes.
cuss some of the conclusions.

In all prior p-p scattering work only S-wave contributions were
obtainable but in the interpretation of the low energy work(zo) it has
been freqﬁently attempted to interpret small repulsive P-interactions
from the data. The principal result of the present work is the approxi-
mate abgence of any apparent higher angular momentum contribution, be
it due to a real absence of such terms or a fortuitous masking effect.
The fact that this work disagrees even qualitatively from the expected
results is the reason that this work is being presented now in its
admittedly unfinished form.

At this energy also D-wave contributions should be appreciable
and in particular an angular distribution including the singlet D-in-
teraction can be computed from the low energy data, since the range
and depth of the potential are known to good precision. The apparent

absence of this contribution also means that there is either a very

fundamental difficulty with the analysis of the data by a static
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potential or that a masking effect occurs. Christian and Noyes have
invespigated this point and have shown that it is formally possible at
least to produce such a masking by a strong tensor interaction. Also
such a strong tensor term accounts, at least qualitatively, for the
large absclute differential cross section observed at a primary proton
snergy of 340 Mev(l8) and 240 Mev£l7)

Figure 19 shows the data as obtained here plotted together with

(23) Note that the primary proton

those of Cork, Kichman and Johnston.
energy of the two experiments differs Ey 2.4 Mev so that the absolute
cross section measurements can be considered to be in agreement with

\
(31) and the

an approximate 1/E variation of differential cross section
assigned probable errors of the two experiments., It is also felt that
the differences in shape between the two curves cannot be considered
significant,

Figure 19 shows also the curve computed on the basis of singlet S

and D interactions alone; it is thus seen clearly that neither of the

experimental data are compatible with a central force static potential.
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FIGURE CAPTIONS

Figure 1.

Figure 2.
Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Relative geometry of a photographic plate "pair®" to the beam.,
Geometrical parameters shown are

L = length of swath scanned

W = swath width

Z = off-set of emulsion surface from beam center line

y = distance of swath from plane through beam normal to
emulsion surface

d = vZ2 + y2 = distance of beam centerline to swath
R = beam radius

B1gp = laboratory scattering angle
Schematic layout of collimating system, scattering chamber
and integrator,
Photograph of plate support cartridge.
Diagrem of base plate of cartridge shoﬁing the means of
radial and agimuthal localization of the plates. The dis-
tance A-A corresponds to the interface distance D of Eqn. (4).
Photograph of assembled scattering chamber and gas handling
system.
Schematic diagram of gas handling system. Oil manometer and
regulator bank regulates Ho pressure and meters 1t against
atmospheric pressure.
Outgassing curve of 50 u Ilford C-2 plates during typical
run, The accumulated impurity contribution during a run is
estimated from this type of data.
Diagram of 500 p.s.i. external pressure palladium leak. Note

that the palladium tube is directly heated.



Figure 9.

Figure 10,

Figure 11,

Figure 12.

Figure 13.

Figure 14.

Figure 15.

47~

Diagram of ccllimating system.

Measurement of y.
Plane projected root mean squere scattering angle plotted
as a function of the distance along a proton track. Various

primary energies are shown. This scattering angle is the

‘R.M.S. of the plane projection cf the angle of the tangent

to the track with the initial direction.

Root mean square error’<i}%:>scat. in measuring €jg1 due to
scatterihg, cbtained by comparing the direction from the
point of entry to a point.along the track with the initial
direction, plotted as a function of range. 4lso shown is
the error <i%%:> in measuring O34y due to finite grain size,
plotted as a function of the length of track usea in making
the measurement.

Plot of optimum range for angle measurement as obtained by
equalizing scattering and grain size errors. The resulting
overall probable error 40jgh 1s also shown.

Plot of the ranges and laboratory scattering angles of 130
protons. The solid line is the best fit for a curve based
on a range-energy relation of the formR = a EL-72 and on
the conservation laws. The dashed curves represent the
deviation from this curve due to the probable error in
angle measurement as obtained froﬁ Figure 13.

The range £ of 247 tracks beforer“diving" through the emul-
sion, plotted as a function of laboratory scattering angle.

The solid line is fhe thecoretical "limit" of dive distance
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based on a scattéring of 3 times standard deviation. The
dashed line is the experimental "limit curve" used as a
criterion for accepting tracks.

Figure 16. Ranges and energies of 85 tracks exposed to protons in the
,184-inch cyclotron. Emulsions used were the same and received
the same treatment as in the p-p scattering runs. Solid line
is best fit; dashed line is from the data of Fowler, Lattes
and Cler.

Figure 17. Observed differential cross section (center of mass system)
as a function of center of mass scattering angle. Probable
errors of the relative cross section are shown rlotted with
the points; these are based either on purely statistical
errors or a cénservative estimate of systematic deviations.
The probable error of the absolute scale is + 3.0 percent.

Figufe 18. Track counts plotted separately for laboratory scattering
angle > 45° and < 45°., Equality between the count at a
given angle and its complement serves as a criterion of
like particle scattering.

Figure 19. Differential cross sections of Panofsky and Fillmore and of

(23) plotted together reduced to

Cork, Johnston and Richman
a common primary energy of 32.0 Mev by an assumed 1/E
dependence of cross section. The two sets of data are pot-
normalized but the absolute cross section values are indepen-
dent. Two fheoretical‘curves (kindly suprlied by Dr. P. Noyes)
are shown: a. pure S scattering using 85 = 50.22°, b, total

singlet scattering (S + D scattering) using & Yukawa well and

the same S phase shift.
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