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THE SCATTERING OF PROTONS BY PROTONS NEAR 30 MEV

I. Photographic Method

Welfgang K. H. Panofsky and Franklin L. Fillmore
Radiation Laboratory, Department of Physics,
University of California, Berkeley, California

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 accelerator, The beam, collimated
to a diameter of 1/18 in., passes through thé gas and constitutes a liﬁe source of
scattered protons, The scattering angle of the scattered protons is measured directly .
in the emulsion of 50 P Ilford C-2 emulsions, Measurements of the range of the scattered
" -protons was mads on a fraction of the tracks. From range-energy relations established
in the magnetic field of the 184~inch cyclotron for the emulsions wused, the primary
energy of the protons before scattering was found to be 29.4 ¥ 0,1 Mev. Protons were
observed in the angular range.loofg eléb < 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 tabulateds this results in the statistical error approximately
matching systematic errors, such as thoéé due to tolerance of plate geometry, observa-
tional error, étc; Cross sections obtained are absolutej the beam is measured by
absorbtion in a Faraday cup and charge integration on a low leakage condenser., The
most significant result of these exﬁeriments is the apparent absence of expected re-

pulsive P wave and of D wave effects,

W,
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THE SCATTERING OF PROTONS BY PROTONS NEAR 30 MEV

I. Phobtographic Method

Wolfgang K. H, Panofsky and ‘Franklin L. Fillmore

Radiation Laboratory, Department of Physics,
University of California, Berkeley, California

January 23, 1950
I, Introduction

(1-15)
* The scattering of protons by protons has been studied by many observers

covering an energy range up to 14.5 Mev(g)9 and recently at 240 Mev(l4) and 345 MSV(15)~
Unfortunately, the accuracy of the experiments in the region above 7 Mev and below
this work has not been sufficient to permit significantly different conclusions to
be drawn as compared to the conclusions obtained from the more precise low energy
experiments, With possible small deviations all low energy experiments can be interpre-
ted(ls) in terms of scattering in the lowest state of angular momentum only. As has
been shown by Schwinger(l7)5 Blatt(ls) and others(lg) this permits the determination
of only two parsmeters of an assumed potential of interaction between the particles..
The essential conclusion drgwn from these experiments is the fact that these parameters
calculated from the p-p S wave interaction are essentially the same as the parameters
calculated for the n-p 8 wave interaction in the singlet state,

This investigation was undertaken in order to extend p-p scatterihg data
into the region where the oontribution from scattering in higher states of angular
momentum should certainly become significant, The protons used in this exﬁeriment
were produced by the Berkeley linear a#celeratore This accelerator provides a
beam up to an energy of 32 Mev, the beam being of small diameter and small angular
divergence and thus well suited to scattering experiments, The authors are 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
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30 Mev range justified that the experiments be performed by fwo entirely independent
methods, Cork, Johnston and Richman(zo) have unde#taken the study by means of a
proportional counter methodg their methods and reshlts are given in an adjoining
paper. This paper describes the results.obtained by means of an apparatus using
photographic plates as detectors., The résults reported here are not finalj it was
felt however, since most the the theoretical implication of this work does not rest

on the features requiring the highest attainable accuracy, that publication at this

stage of the work was advisable,

I1. Descriptioﬁ of Apparaﬁus

A, Ideal Geometry

| The first use of photographic plate techniques in the study of p-p scatter-
ing was made at the University of.Rochester(lo) at 7 Mev., .In the Rochester experi-
ment an annular exit slit was employed which resulted in a one to one corresppndence
between frack position and scattering angle. This reduces analysis of the plates
to a simple counting‘o.perationo The probiems associated with slit scattering and
Ngenetration to be expected at 30 Mev led us to adopt the more 1aborious-methodn namely
”of“actualiy measuriﬁg the scattering angle of all tracks directly in the emuisiono
The method is made practical in this energy region by the small multiple Coﬁlomb
scattering in the emulsion. Range measurements Weré also made whenever the track
length pemitted us to do so., This permitted an internal check as to the primary
energy. |

The proton beam from the linear accelerator is first monochromatized and

collimated to 1/16 in. diameter by means of equipment described below., The beam
then passes into the scattering chamber in which plates are disposed symﬁetrically
about the beam in the manner shown in Figs, 1 and 2, The solid angle subtended by
a swath of width W and length L parallel to the beam is then directly defined by the
distance d from the swath to the centerline of the beam and the offset Z of the plane

of the emulsion and the beam, It is easily shown by elementary calculation that,
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if -the finite beam size is ignoréd, the number of tracks Nt for a given number of

incident protons Np is given by

L ds\ WL  AWenm (1)
Np d(A)} om a2 Z2n .
where Ny is the number of scattering centers per unit value and ol is the differ-

ential cross section in the center of mass co-ordinates. ZXQ%m represents the
“increment of solid angle in the center of mass frame corresponding to the range
lkelab in the laboratory angle 67, within which the Nt tracks have been recorded.

This equation can be written in the equivalent form

Nt do~ WL#&
'ﬁ; = (a.w-)cm —-—-d2 A (cos 2 elab) (2)

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 differential cross section without any further

angular dependence,

B, Non-Ideal Geometry - Design of Plate Holder

The scatfering goometry depends linearly on the offset Z of the emulsion
face toward the beam center, In the apparatus as described here % ¥ 0,070" and there-
fore if data were based on the tracks as measured in a single plate, and excessive
dependence of the claculated absolute cross section on beam position would result,
To obviate this difficulty the plates were arranged in a symmetrical array about
ﬁhe beam center as is shown in Fig, 3 which shows a photograph of the plate support
structure. Figure 1 shows one pair of plates only. It is easy to show that if the
measurement of cross section is based on the sum of the tracks measured in paired
plafes (see Fig, 1), then the fractional error é:% due to an error SZ in beam

centering parallel to Z is given by
. . E ) 5(8 -Z')Z
z G2 +22) (3)
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while the fractional errdriér)due to an error SD in the face to face distance D
between the emulsion faces is given by g
b
Ca = o (4)
and the error Ey due to.an error 5& in y where 2y is the edge to edge distance

between paired/plates is given by

6? = _,Ji ' | (5)

The raﬁio betwsen the number of tracks recorded in the two members of a

pair of plates depends linearly on the off-center displacement of the beam, = If N,

\

and Ny are the tracks recorded in the two members of a pair, it ig easy to show that

N, - Sz
N -N _%E . » C(e)
‘W, * N, £

- Ng 322 :
5 - ()’ ( =T g

The error in absolute cross section due to lack of beam centering can thus be evaluated

and hence

directly by an 1nternal check on the symmetry of the track counts° Experlmentally
it has been 90331b1e to keep the error 8 well below 0.1 percent correspondlng to
a centering error <¥g of less than 0,01 inches, .A similar calculation can be made
on the effect of beam centering in the y direction. It is to be néted fhét this,
and other ﬁoséible ge§metrica1 errors, have no bearing upon the felgfive cross=section
but only on the absolufe meas-urementso |

Tﬁé’errorské;D and é&_are independent of beam position .and are only
dependent oﬁ the accurate relative location of the plates, fo-aéhievejfhié required
accuracy, a pfecision plate-holdern-car;cr’idge'(Figo 3) was'maéhined‘outvof lucite and
dﬁraluminum° Figure 4 shows the base diagram of the cartridge end plates; .The faces
A-A are held to a tolerance of 20,0005 inches by means of go/ho-go gauges which were

applied before and after every run, The cartridge was d631gned to hold up to 20
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plates for simulteneous exposure. Jlhis 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 8 oflfhe plate positions are being occupied. It also sgemed
inadvisable to place plates with their emulsions facing one another, since calculation
shows that the pfobability of a proton.scattering out of one emulsion face and
entefing the opposite emulsion cannot be considered negligible.

In addition to the precision gauging of the distance A-A (Fig. 4), precise
determination of the face to face distance requires also knowledge of the photographic
plete glass thickness and flatness and also knowledge of the emulsion thickness, The
plates were measqred after processing to 10,0004 inches using surface plate and dial
géuge equipment, A correction was applied for emulsion shriﬁkage using a shrinkage
factor of 2,0, Since the emulsion thickness used in only 5O;P'£ 0,002 inches, the
uncertainty in shrinkage fadtor produces negligible 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 dessicator to avoid possible warping due to moisture
absorbtion,

The cartridge is centered in the barrel of the gas handling system by
means of 6 steel balls, two of which are spring loaded, thus providing a correct
kinematic support. The collimator (see Fig, 2) is aligned with the barrel to within
f0;004 inches. 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 center-
ing 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 fest on the
actual track count as outlined above,

' Equation (2), on which the cross-section calculations are based is

strictly true only if the incoming beam constitutes an ideal line source., BErrors
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due to the finite diameter of the beam have been investigated in detail. The result
is as follows, If the radius of the beam is R then the ideal formula Egn, (2) is

multiplied by a correction factor of {

)

1 + -ie- (%»>? [cos Ocm (cos Bem = 1) - %—] : (8)
where the integration over the beam has been carried out under the assumption that
the differential cross section is constant over_the»fange of infegfatio’no Since R
is of the order of 1/32 inch and 4 > 0,500 inches this corréction,ﬁever exceéds
0,015 percent for ail angles and is-therefore neéligibleo

The finiteness of the scatﬁering length of the beam does not introduce
a correction but simply introduces iimits on the range of angles whiqh‘can be;con=
sidered as origin;ting in the gas., This restricts the smallest angle Which can be
read unambiguously to 3° on the inner edge of the plate and to 8°_on tﬁé outer edge.

In practice angles were read in the intervals
. 10° < 8y, £80° S C(9)

A further small geometrical error worth considefing is the obliquity of
incidence of the protons on the photographic emulsion., 4n eleme.ritary'calculation9
which also tekes into account the finite width of the beam, shows ﬁhét:this error
cﬁnnot exceed 0,1° and is usuaily ﬁuch'leéso"This source ¢f error has thus. been
neglected,

A further deviation from "ideal® géoﬁetry which has been;cdnsiaered is
the probability that a proton will éﬁter\the,emulsionp'then scatter béck out again
and re-enter the emulsion at a ”hi11" in the emulsion, This effect can be estimated
with knowledge of the waviness Bf the emulsion, A microscopic measurement was made
of the flatness of unprocessed emulsion surfaces and if was found that the "waviness"

amounts to less than 1 p in height per 150g000usqapiof emulsion surface, Cdmbining

this information with calculation of the emulsion secattering, thié_effect appears
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negligible,
C. Vacuum and Gas Handling System,

Fipure 5 shows the precision machined barrel mounted on a stand together
with the collimator holder, vacuum systemr and hydrogén supply. The collimator is
connected to the cutput flange of the linear accelerator analyzing magnet through

{
a universal adjustment joint which permits accurate alignment and centering, An
entrance window, shead of the adjustment joint, of 1/4 inch diameter made of 0,001
inch aluminum separates the hydrogen volume from the linear accelerator vaccum,

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
inches. Multiple Coulomb scattering of sufficient magnitude to enter the plates
is thus excluded. The nuclear cross sections are sufficiently small such that plural
nuclear events are excluded also,

Figure 6 shows a schematic diagram of the gas system. In a p-p scattering
experiment using a gas target one of the main problems 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 vapor or other
contaminants evolved from the photographic plates themselves. Since the scattering
angles cover the rénge of.lOO < elab € 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 ieast 4 hours in high
vacuum before date could be taken., Fig, 7 shows a typical dehydration curve of the
plates, showing that after a pump=-out time of 4 hours the partial pressure of impuri-
ties would not rise to more than 0,05 per;ent of the total pressure in a 30 minute
bombardment,

Considerable trouble was encountered from peeling of the emulsion from

the glass surface when this outgassing procedure was used, After many unsuccessful
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experiments to reduce peeling by teping the emulsion edges, covering the plates
with collodium, etc., an emulsion {Ilford €-25 50 P thickness, Bmulsion No, % 2199)
/
was found wﬁich withstood the outgéssing\treatﬁent without peeling difficultieso_
All attempts to use Eastman;Kodak NTB emulsions proved unsuccessful,

Aftef pump-out the scattering chamber was isolated from the pump and liquid
nitrogen trap (to preserve thermal equilibrium) and hydrogen was admitted through
a palladium leak; This leak {(Fig., 8), designed by Mr, L, Johnston and Mr. E. A, Day,
consists of a palladium tube 6f 1/@ inch diameter and 0,006 inch wall thickness,
internally supported by ceramic rings. It was heated tc a temperature slightly below
red héat,by passing a current of approximately 70 amperes direcfly through the tube,
corresponding to a dissipation of approximately 2860 watts, The external pressure
was maintained at a pressure of 500 p.s.i. of Hy, At this pressure diffefential the
chamber {volume.~4 liters) could be filled in 20 minutss to a-préssure of 1 atmosphere°
The 1eak'was outgassed by heating in vacuo before every run and tested for impervious-
ness to gases other than hydrogen by an'external helium atmosphere,

The pressure was maintained at a constant pressure differential against
atmospheric preséufe by means of an oil filled manometer which simultaneously served
as a pressure regulator., During the run the palladium leak was operatea continuously
thus changing thé‘Hz gas once svery 20 minutes. Most of the gas was removéd by a
vacuum pump throttled by a needle valve; a slight excess bubbied out through a
manometer-regulator, The density of the oil in the manometer {"Litton" ﬁiffusion
pump oilj was determined by weighing, The pressure excess used was of the order
of 10 inches of oil, i.e., only 2 percent of the total pressure, The atmospheric
pressure was read to 0.1 mm on é 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
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cartridge. The only question then is whether the beam barrel is in temperature
equilibrium with the gas, This point was investigated b& introducing thermocouples
into the hydrogen gas and onto other points., Couples were locateds 1) near.fhe
center of the vessel in the scattering region. 2) At the outer edge of the hydrogen
volume. 3) Along the copper tubing leading hydrogen into the Chambér° The three
couples showed differentials corresponding to less than 1° C. One of the couples

was surrounded by a radiatiqg shield consisting of a polished aluminum cylinder;
presence or absence oflthis shield did not affect the temperature readings. Problems
regarding temperature equilibrium appear to be insignificant here, as contrasted

to earlier work on this subject; the reason is presumably the high pressure of

hydrogen used,

D. Beam Collimation

In any high energy experiment of fhis kind the principal concern-is the
reduction of background, “Background" tracké observed were pfincipally attributed
to the following causess io Slit scéttering on collimator apertures, 2., Particles
starting from chamber walls and from plate holders. 3. Protons generated by n-p
collisions in the cﬁamber gds, and 4. Neutron khéck-ons and neutron induced nuclear
processes in the emulsion. Let us now discuss the various measures taken to reduce
the sources of background,

Figure 9 shows the relative.diqusition of collimator and the ph§tographic
plates. Two considerations affect the choice of collimator méterialg 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 ﬁhe material,

The first point makes carbon a logical éhoicesv The total yield for neﬁtron pr;dﬁction
in carbon is only approximately 10=3 at 30 Mev and the energetic upper limit on the
éossible neutron energy is IQ Mev, This means that a neutron formed on carbon does

not have sufficient energy to produce a nuclear reaction when impinging on graphite,
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Accordingly the collimating disks were made of graphite and in addition the faces

of the pléte holder which could "see" the photographic plates Weré lined with
graphite, As to the second poinf, némely'tée precblem- of the prbtﬁn scattering out

of the slit after initial penetration, calculationsl 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 0,0bl inches. For lead the corresponding number is 0,007 inches.

A low atomic number collimating disk is thus of advantage here,'»Ffom this point of
view either Be or C are favoreds however the small neutron binding energy in Be

makes the choice of carbon thé most reasonable, It is essentially impossible to

. design a collimator such that no secondary protons can reach the photographic platess
the present design (Fig. 9) simply minimizes the slit scattered prétonsy coﬁsistent
with a given lengthAof collimator, The number of slit-scattered pr§tdns can of course
be further reduced by lengthening of the collimator, however at the expense of decreased
mechanical tolerances, There are still a lérge number of slit scattered trécks on

the plates (for statistics see Section IquB) but thesé cennot fall on the plates

at an angle exceeding 8° and are therefore not included in the taﬁﬁlétion range,

In order to atten;ate the neutron flux through the scattéfing regions and
the region of the plates the collimating disks were surrounded byléopper pieces,
Copper has a mean free path of anroximatély 4 inches for inelastié events for fast
neutrons and hence appreciable flux reductions is'possib.le° Algso an additional 2 mm
aperture was introduced ahead of the anaiyzing magnet (see Fig., 2) which reduced
the -number of protons incident on the collimator ana hénce reduced the neuﬁron flux,

One of the effects of neutrons in the hydrogen chamber is to produce n-p
collisions resulting'in erroneou§ proton tracks., In order to reduce the hydrogen

volume "seen® by the plates a cone turned of graphite was introduced to cut off the

1This calculation was made by E. A, Martinelli, to whom the authors are indebted,

o
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hydrogen region not traversed by hydrogen scattered protons {see Fig. 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 baékground runs and by the symmetry of tabulated tracks about a laboratory angle

of 45°, (See sections III and V,)

E, Integrator,
The beam, after passage through the scattering chamber is integrated by
coilection in a Faraday cup. The integrator was constructed by Mr. Lee Asmodt.
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

(20,

described in the ad joining report by Cork, Johnston and Richman

III. Technique of Gathering Data

A. Microscope Technique
The plates were scanned under a high power microséope to count the number

of scattered proton ﬁracks. A.97x oii.immeréioﬁ objective is uséd With~7°5x eyepieces,
Tﬁe data required are the angle 6;,, and the distance d of the entéring'boiﬁf'of the
“track from the beam center. We fecorded eléb and the co—ordinété; xogmyo of the
point where the track enters the emulsion. xoiwas recorded to enable one to relocate
individual tracks.when checking the counting which anothér person has donej this will
be discussed later, The actual recording was done ty photqgraphiﬁg the,feadings 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 pﬁréésey and the
three counters placéd on the stage of the microfilm recorder. One eyepiece has a
specialiy built worm drive attachement so fhat it can be rotated for measuringifhe

angle of the scattered proton tracks., It has a reticle with a hair line ruled on it

lCan be rented from: Recordak Corporation, 561 Clay Street, San Francisco, California,
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!
t

for this purpose as well as a'scale representing a iength of 100 microns (actually
102.0 10,5 microns) so that ranges of tracks can be measured accurately. The
other eyepiece has two accurately paraliel hair lines which correspond to a -
separation of 127,0 £0.5 microns., Tracks which entered the emulsion between these
lines weré counted, so that a swath 127 P'wide the length of the plate is read at
one setting of the microscope carriage y co~ordinate,

The plate holder on the microscope carriage was designed and constructed
by W, W, Brower to permit very accurate aligmment of the plates in the miéroscope
and accurste re-inserting of a plate if it has to be removed from thé microscope
at any time, Plates were re-inserted accurately in the plate holder to closgr
than 0,001 inches after a 6 montﬁ interval, The pl;te is clamped securely by a
spring which presses it against two indexing ledges, one at each .end of fhe plate,
which corresponded in position to the indexing surfaces in the scattering chamber.
plate holder, These inaexing ledges were observed to be accurately parallel to
the axis of the lead screw on' the microscope carriage x co=-ordinate dri#e_tomithin
1/1060 of a radian, The hair line in the goniometer eyepiece can be set parallel
to  these - indexing ledges to within 3/1000 of a radian, The accuracy of its
alignment is checked efery few hundred tracks to insure that the mechanism has not
slipped. Thus any systematic error iﬁ'meésuring 814p 1s less than 0.2%

The rotary counfer which records €74}, can be read to 0.1°, Back-lash in
the mechanism is less thén 0.3°., The vernier scale on the x and -y -co~ordinate leaa
screws of the microscope carriage are graduated in thousandths of an inch and were
checked against a Bausch and lomb standard showing fhat they were accurate to closér
than one part in a thousand., The sepafation of inside plate edges of paired plates
in the scattering chamber plate holder was measured to be 0,992 % 0,002 inches,

The y-distance from the axis of the geometry to the center of a swath is obtained
by adding half of 0,992 inches to the distance from the edge of the plate to the

7

center of the swath as read from the y co-ordinate of the microscope. Thus the
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distance y to the center of a swath is measured to within about ¥0,001 inches,

(See Fig., 10).

+

B. Criteria for reading tracks.,

' Wheovone looks at a plate it becomes quite ejident thet menonf the:treoks
seen are obviously not scattered protone at 30 Mev, but are whaﬁ We-cali a oonu
confusable background. Such traoks are caused by scattering from the collimating
slits, neutrons producing knock-on protons in the gae and plate holder meterialg
protons scattered backwards ffomythe 1 mil aluminum exit foil, mr:ecattered protons
which strlke the walls of the chamber and are there scattered through a large angle
either elastlcalLy or inelastically, The majority of such tracks .are nonmconfusable
since they are observed’to have quite low energles° This non—confusable backgroond,
imeluding slit ocatterlng which enters at elab<1 809 is very roughly double in |
ntmber to the number of good tracks on the plate, |

"In addition to this obviously non-confusable baokgroundv one'eees tracks
which can eamsily be mistaken for good - scattered proton tracks but whlch,upon more.
careful consmderaﬁlon can be shown to be spurlous° Such tracks are due to'the small
fraction‘of‘the b;ckground protons mentioned in the preceedlng paragraph whlch happen
to enter the eeulsion at an energy very nearly correct for their soetterlpg.anglegé,
These tracks are about 8 percent of the good tracks, and their detection is a
matter which requires a fair amount)Of skill and judgement on the-part‘of the
observer., Since it was desired to have several observe?s oounting_trao?s;it was .
necessary to‘uﬁeertake a treining program wﬁich would insure that all,oeseryers
were competaht to éeteot_these_oarely non~-confusable tracks and eliminaoe fhem._
To this end‘seﬁerel criteria were established for the.judging of each tfaok;oend;f
each observer was . oarefully instructed in their appllcatum° Spot\ohecksvon the
counting of each observer have been made and an estlmate of the rellablllty w111_

be given 1ater° In order to establish the basis for the criteria and also to .
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consider the angular accuracies of this method it is first necessary to investigate
the multiple scattéring of protons in the emul?iono
The mean square of the blane project{on of the scattefing angle of a
particle of unit charge, momentum p and mass m, traveling a distange x in an absorber

of atomic number # and numerical'density N 18(21,22)

- 4neé%2Nx . .
éAvopl> T Z 1(%?;) AR

o & xaS - =
where €min = >— -—ygT ~ 5 is given by screening and fmax = ~——" 173
P 137° ro - 0,57 ro &

is given by the finite size of the nucleus. Thus Fq,,(lo) can be wrltten

{non-relativistically)

<ij;v plj;> (E/hcz) -xN22 1n (181 %‘/ Yy o (1)
where ro =.2,82 x 10° -13 em, m is the electron mass and B is the energy in Mey and
is assumed constant along the path, The composition of the ilfordJCZ dmglsibﬁs used
is given in an article by J. Ho-Wébb(zs). The result of summing Eg.‘(li) oier the

components of the emulsion is found to be

. 2 £ L
D =19.7 = S (1)
: sAvoplo, * m2 o - S

where x is in cm, and B is in Mev, The square root of Eq. {12) caﬁ-be'intérpreted

<]

as the. slope of a trajectory after hav1ng undergone the RMS scatterlngo- Siﬁce B
will vary along the path, we must find <:%A ::> as a function of x by a numerlcal
1ntegrat10n ‘along the path., (Fig. 11.) We can then find the mean dlsplacement y
as & function of x by a numerlcal integration. The measurement of the scatterlng
angle ©1gp 1s done by measuring the secant over a certain optimum Length x of track,

The root mean square error in this meéSureméqt due to scatteriﬁg will tﬁgS'Ee 
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<?)é§ ccat. = arctan (y/x) (13)
N/ T . .

A plet of t, V8. X for various energies is shown in Flg. 12,

//sca
The determlnatlon of the optimum length of track for measurlng O1ap W11
now be discussed, There W111 be an error in elab due to 1naccuracy in setting the

goniometer eyepiece hair llnea  This is due to finite width of the hair line and

grain diameter. The value we adopt for this error is

<56> S | : o ‘(14)

where d is the grain diameter which is about 0.3 P accordlng to Wébb(zs) while we
obtained a slightly higher value, namely about (.46 Po using formulas he gives. We
"w111 use the value 0,4 ia for d, Values of<§€9 are plotted in Fig. 12 along with

‘ those of <?59;>scatof In order to minimize the erroryln angular measurement we
must adjust x so as to equalize thése.two errofs, A plot of opfimum x vsn‘elab.
is given,in,Figo 13, The probablederror of the angular measurement l&élab is

read at the crossing points

now given by 0.6745 V 2 times the value of<?N%> soat

on the curves in Fig, 12, A plot of [§elab vs, gy is shown in Fig, 13. We have
neglected scattering in the Hy after proton scatterlng but this has a megligible
effect on the results, 4n eiberimental range-angle plot of 130 tracks-to be
difpnssed presently shows good égreement with thé abovevvalueé.of erlabo

.It is evident from Fig, 13 that. the probable-erfér-inrmeésuring ®1ap

becomes excessive as elab approaches 80o A more accurate measurement. can be made
by obtalnlng elab from the experlmental range-energy relation of protons in the
~emulsion used shown in Fig, 14, The plot contains 130 tracks, and the solid curve
repfesenté fhe-best fit based on avrange energy relation of the form R = kEl°72
whlch is the rangeuenergy ‘equation given by Bradnerg et al. (2 ) Slnce ES Eo coszeiab,

the probable error in €14y -is found to be

AR
Aelab 16 7°-§w cot 815y - . - (15)
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where AR is the probable error in the range measurement. %%— ranges from about 3
percent at 65° to ébout 15 percent at 80°, This gives £&elab = Ow23°kat 65° and
DOy = 0,44° at 80°, While the probable error in a&gle could be iﬁproved by using

the range method down to €145y = 60° or even lower, the authors decided.ﬁpon placing

the limit at 65° where the error in direct angular measurement is not excessive,
because the range measurement is quite timé-consuming for the longer tracks°

Since the plates are inclined at a smail angle to the beam .and the thickness
of tha-emulsioﬁ is known, one can calculate the range in which.a -givem proton will
dive clear through the emulsion, Let us ca}l this dive distancej? » The angie B
at which a proton'enters the emulsion is éasgly obtained for various elab f}om the
geometrical dimensions cited earlier. To B we must add the effect due to scattering

If B is

Scato :
(21,22)

in the ehulsionffthe maximum value for which was taken to be 3<?56>

constant along the track, it can be shown that the mean displacement is given by

1 o 2 |
| {y>2='3' x2 <9Avop1o> . ‘_(16‘)

where x is measured along the track, and hence approximately

%2 E

| 1/2 a1/ o
@[] - (O e B an

vThe unprocessed EO.P emulsion will shrink sbout 16 percent when dried by evacuation,

so we have the following equation to solve forf°€ 2

<g+ 7;,68. @) §= 4;2 x 10“_3 cm {18)

_ B was taken at its meximum value over the besam for a givenlelab thus giving the
shortest possible‘f§ » The resulting valueé of‘fflat.different positions on the

plate are plo#ted vs. 814y in Fig, 15, which also shows 247 experimental points taken
at the center of fhe plate. On %&g basis of the se points, the minimum value for ff

was lowered 15 percent from the theoretical curve and this was used as a criterion
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in determining ﬁhich 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) Bach track must have elab=é 10° and elabfé 800 as determined by a range
of 8 microms, (R> 8)40) | ' |

2) The energy of the track as estimated by its grain density must not be
inconsistent with its angle., This is done by visually comparing the grain density
of the track in question to the grain density of good tracks at close to the same
Qlab° ‘This requires careful judgement on the part of the observer, but since only
about 3 percent of the tracks counted were at a;; questionable from this vcin®t of
view the probable error of the results will ﬁot be greatly affected by'this°

3) For elas betweeﬁléSO and 80° where the grain demsity criterion is
difficult to apply, a better criterion is available; namely, a comparison of range
vs, angle.  If the angle of a track as measured with the goniometer eyepiece disagreed
with the angle as determined by the range meaéurement1 by more than 4 times the
probable error, the track was discarded,

4) Each track had to satisfy the»dive distance criterion .as discussed
in the previous paragraph,

The following is a table giving a typical sample of the total number of
tracks scanned, the number of those accepted as good and the number rejected with

the reason for rejection.
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Table I
Plate| Length Total | Good Tracks Spurious Tracks
Scanned | tracks | tracks'| obviously |{Grain Dives | Angle
: | not con- density | too | inconsistent
1 fusable - { wrong steeply | with range
' P190 0,222" 83 35 45 2 1 0
P19l «355. 131 39 80 1 1 0
P192 450 149 67 77 1 3 1
P193 0291 179 35 139 2 3. 0
P194 0292 170 44 121 2 3 0
- P195 300 132 44 85 0 3 0

It might be remarked here that although thls procedure appears to be 2
somewhat elaborate ana1y31s of the plates, 1t 51mply uses fully the 1nfonmat10n con-
tained in nuclear tracks; namely, track pcs1t10n9 1on1zat10n and dlrectlon, .The
regectlon of tracks enterlng at an incorrect angle is equally Justaflable as is the

selectlon of a partlcle trajectory by two counters in coincidence,

C. Background runs,
vSince the elimination of ali."confusable * background‘tracksf%e ﬁct pcSSi=

b}e'it is necessary to make some measureﬁeuts to see how much backérouad:is:bresento
The causes of background have already been discussed so we will oniy describe here
the'methoda cf measurihg background Twc types of background runs have been madeo
one whereln the chamber is kept evacuated durlng the run whlle in the other hydrogen
was admltted as in the scattering runs but a graphite tube 3/4 1nch in dlameter was
inserted axially in the scattering chamber so as to surround the beam aud thue
prevent scattered protons from reaching the. platés., All other geometrical factors
were the same as in the scattering runms., Tbese background runs were ﬁade iamediately
after the scatterihg runs,

; Comparison of the countlng of tracks on the background runs wrth that for
the scatterlng runs showed that the high vacuum runs gave about O 7 percent confusable

tracks and the run with the graphite tube gave about 2,1 percent confusable tracks°
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No angular dependence was observed in the vacuum run. The background in the graphite
tube run was concentrated toward scattering angle 91y > 50°, It is believed that
the background is due to inelastic events in the carbon and does not ;epresegt an
applicable correction. The vacuum background has been applied as a correction to

the absolute cross section,

IV. Primary Energy .

The primary energy can bé obtéined by comparing the measured range of the
scattered protons as a function of angle in'the emulsion with the experimentally
known range-energy relation. In the work of Bradner, et a1(24) it was found that
the rela%ivistically extrapolated range-energy rélation given by Fowler, Lattes
and Caer(zs) was essentially cérrect, but that small variations occur when one
compafes different emulsion batches, They also found a small effect caused by
varying the amount of dehydration of the emulsionvjust prior'to exposure, Because
of these variations, the accuracy claimed for the range-energy relation E = 0,251
ﬁ0°581 given by Bradner, et al‘24) was %2 percent., In order to cut down on fhe
error in the energy measurement; the authors have calibrated the emﬁlsion used in
this experiment at an energy nearvthat.at whicﬁ comparison with the energy of the
scatterea protons is té be made. The method used is the same as that deséribed by
Bradner, et al., Plates were exposed in the 184-inch cyclotron 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 scattering runs., The range and energy was measured
for 85 trécks and the resulting points plotted on a range-energy diagram, shown in
Fng 16,‘ The data of Fowler, ét a1(25) is shown by the dotted line wﬁile the solid
line representing the best empirical fit to the experimental points,gives ranges
which are 2°5Jpercent below the ranges giveﬁ by Fowler, et 31(25)5

The probable error in the energy measurement of the proton by radius and

field measurements in the cyclotfon is found to avérége 0.8 percent while that of
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the range measurement is 1 percent plus 0,95 pércent for straggling or)a total of
1.4 percent per point. These errors, assumed to be random.normal errdfsn are then
combined in the usual manner to give the probable error of the experiméntal curve,
which is thus found to be 0,17 percent. This error is a spread normal to the
curves of Fig, 16 and corresponds to 0.24 percent in range.

The experimentél range-energy plot for hydrogen scattered protons in this
experiment is shdﬁn in Fig, 14, where the solid line is the best fit of the form
E = 00251 g0-5681 (deterﬁined éméirically by counting the number of points IYing
above and below tﬁe curve ), and.the dashed curves represent the theofetical probable
error llelab'calculated earlier, By counting the number of tracks in the four
sectibns of the graph, we:conclude that the theoretical wvalues for lkelab are
sufficiently accurate for our needs, The observed range for O1ab ~ 45° is 1658
microns, Wheﬁ the 2,5 percent experimental correction obtained above is applied to
the Fowler, et al;ZS) ranée—energy data, this corresponds to an energj of 14,59 Méy
at the plates. The energy lost in the hydrogen after scattering at 45° is 24 Kev,
s0 the energy after scatfering at 45° is 14,61 Mev, The rel&tivisticall&.édfrect
formula for the kinetic energy of a scattered proton whose primary energy ié Bo
in the lab system is given by |

Eo cos2 014

E = (19)

1+ -5 sin? elaﬁ
This gives the energy before scattering to be 29.4 Mev,
The probable error of the observed range is seen from Fig, 14 to be 15.4
microns or 0.51 percent which when combiied with the probable error of the range
energy relation gives a total probable error of 0,56 percent for the ranges using
the exponent in Bradner, et al,_rgnge—energy relation this corresponds to a
probable error in the primary energy of 0,33 percent or * O._,I'Mevo Note that this
represents the‘probable ertor of def&ning the central value of the energy and not

necessarily the energy spread, By.andlysis of the geometry of the analyzing magnet
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it can be shown that the beam is monochromatic to 20,18 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 absolute cross section only from those
affecting the angular distribution., Lét ué discuss the latter first.

1, Otatistics., 10,934 tracks have been tabulated, The number of sub-
divisionsin 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° intervals in the laboratory system (Fig. 17) then the maximum rate
of variation per point is about 2‘probable errors and therefore probably significant,
At this angular interval the statistical probable errors vary from 12,3 percent
(at 43° laboratory angle) to 23,3 percent (at 12° laboratory angle).

2. Reliability of observers. About 2/3 of the tabulated. tracks have

been read by one of us (F.L.F.) and the remainder by the other author (W.K.H.P.) and
Mrs. Sue Gray Al»Salam,.to whom the authors are greatly indebted. To check the
reliability of observers ¥.L.F. has re-read samples of plates read.by other
observers, The re-reading cannot be done in a manner which is completely independent
of the first reading because it is impossible to reset the sw#th position to closer
than about X5 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 missed 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 observer's count as being the number missed by
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the first observer. The results of the principal run are tabulated below,

Run 37
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 could| record~ |per

by F,L.F, ly counted|not be ed twice|observer

relocated (percent)
SGA 894 200 3 4 1 1 +1,5
FLF 5320 610 - 7 6 1 ' 3 +0,.8
WKHP 1736 253 . 14 4 N I 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°¢& 8y 4p & 65° where the angle is determined by direct measurement
the probable error in élab varies from Zlelab = 20,3 at Oy, = 10° tovllelab= 1,00

at 04,y = 65°, In the interval 65°¢& €1ab £ 80° where elab is determined from range
measurement. 88q,1,~ 20.23° at 8, = 65° and D8y, = 20,44 at 8y, = 8d°, Owing

to the slow variation of cross section with angle, the angular uncertainﬁies do not

contribute appreciably to the error in the relative cross section,

4, GCeometrical errors, None of the geometrical errors discussed contribute

to the uncertainty in relative cross section,

5. Impurities and Background, The total nu@ber of "confusable" tracks
observed in the background runs was 0.7 percent with no significant angular.
correlation, .Thus background effects do not ﬁpprgciably contribute to the probable
error of the reiative cross section.

The impurity content can be estimated from the rate of rise of pressure
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with the chamber isolated and the rate of pure gas exchange. The results giﬁes

4 x 107° for the maximum impurity content. Even at 8;,, = 10° the Coulomb contri-
bution to the scattering yield due to the impurity (taken as & = 8) is thus only

7 x 1074 of the observed proton yield,

ALl background effects, impurity scattering and systematic observational
errors, are detectable by the fact that they presumably do not posses the symmetry
about a laboratory angle of 45° characteristic éf like particle scattering, Fig. 18
shows the data plotted separately in the angular intervals-elab2‘46°? There is no
statistically significant disagreement between the data in the two angular intervals.,
Nevertheiess9 the statistical error of any interval 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 thaﬁ the effect of impurity scatter-
ing and background is not larger than the statistical error of thé éombined datag
by the preceding arguments it is probably much smaller than this.,

It appears as the result of this discussion that a conservative estimate
for the probable error of the differential cross section is Vrz.times the statistical

error.of the combined data,

B. Errors 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 absolute cross-section is then

(d@‘ LN | 1

dw " WNp Ny &{cos 8 DE L2 "LZ . (éO)
p v .
om - , o z( 222) *(2+gz>
‘ y e/ y 2

where ZN{; represent the sum of all tracks counted in the increment A (cos @cm)
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
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swath, We will now discuss the errors introduced by each factor in Eq. (20); thess

errors will be denoted by £ with appropriate subscripts.

.............

1. Statlstlcso Owing to the fact that the observed differential cross

séction is essentially flat near 874y = 450, the tracks in the angular range 40°%
6lab.5500 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 probable error of é:s = 1,84 percent,

2, Pressure measurements, ZThe pressure measurement is 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 o0il manometer, This gives
(fp = 0,04 percent,

3, Temperature measurement, The principal question as to accuracy of

temperature measurement rests on the problem of temperature equilibrium discussed.
in section II-C, It was concluded that equilibrium was established to within
1°C, corresponding to £T{= 0.3 percent,

4, Errors in beam integration, a) Standard Condenser, A polystyrene

insulated condenser of nominal capacity 0.0l pfd. was sealed in a glass tube and
calibrated égainst a General Radio Company standard condenser (cerfified acéurate
to 0.1 percent) by means of a ballistic galvanometer method. The callbratlon was
made both before the runs and 6 months laterg during this time a shift of O, 75
percent occurred, Owing to the slide-back system used no correctlon for lead aﬁd
-collecting cup is necessary. We consider this equivalent to a 0.4 percent probable
error, b) Condensef Voltage° The condenser voltage was measured by a standard
cell-potentiometer methed, accurate to 0.1 percent. ¢) Condenser Time Constant, *
The condenser.time cqnstant was in all-céses éreater £han SOOvhqursg this corrésponds

to a possible error of 0,2 percent, d) Secondary Partlcles from Collector’o Thé
testsmade to check on secondary particles are descrlbed in the adjoining paper by

Cork, Johnston and Richman, It is concluded there that the effect of secondaries
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is less than 1.0 percent provided a proper high retarding voltage is used, We

shall use & 1.0 percent probable error for this effect, Combining the integration
errors we obtaing 81 = 1,1 percent,

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

tolerance of *0,0005 inches of the plate holder, 0.001 inches can thus be considered
& limit of error and 0,0005 inches a proBable error. The plate thickness measurement
has & probable error of 20,0004 inches. These errors combine quadratically to give
ED = 1,11 percent,

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

separatién was meaSuréa to & probable error of }0,002 inches. A swath is about

100006 inches wide, so the value of y in the cross-section fbrmuia has é maximum
uncertainty due to swath width of 20.003 inches. Taking half of this for the probable
error we find S.,y = #0,0018 inch, whence (L.\y = 0,36 percent, o

‘7. Beam Centering Errors., As has been discussed in section II-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 difference in the counts in
pairs of plates, Below is given a table of counts of the individual plates as

obtained in Run 37 from which 7843 of the tracks have been tabulated,

Table -I1 -
Pair| Pair | Number 9 Number of tracks . _ ' e _
No, |. of tracks ZIJ&V weighted by Sz SNy - Ny Z
: | scanned area and £ N, + Ny |percent
_ swath distance
A 1 1127 10,94 ©103.0 057 5 021
P : o 3 3 °
2 - 1412 - | 10,69 |- 132.1 _
1 G| 16.00 | 91,5 o
B : . 1766 0,044
2 1449 11,08 130,8
1299 11,24 115,5 ‘
¢ , ' ,0538 0.004
2 1072 -10.34 103.7
Meen Error 0,023
e { percent

The notation is that of section II-B, This error is therefdre negligiﬂle°
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*0.5 p or 0.40.percent,

9. Other geometrical errors, Other geometrical errors which haie been

considered and fgund negligible are?
a) Brrors due to lack of centering in the y direction,
b) Errors due to "scattering out" of tracks.,
¢) Brrors 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 secfionso 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 thgﬂ
observational probable error in absolute cross section. The absolute cfoSs section
has a correction of =0,1 percent applied to take care of the tracks missed and
duplicated, (See Sgctién V-A(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 30,5 percent,

12, Combinafion of errors, If the errors enumerated above are combined

quadratically we obtaing

_ L+
sbsolute cross section = ~o°0 perqent.

VI. Results
A, Summary of Runs,
The following table summarizes the four runs upon which'these'results.are

based, We list all of the data taken for each run except for the detailed breakdown

of the number of tracks counted in each angular interval, -

A3
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............ Table IIT
n| Date Type of Run| Time for |Temp. |Pressure |Charge Ny Np lotal No.
No, , S Pressure - (mm/Hg) |Collected tracks
to reach . (Coulombs) counted
1074 mm, | :
. {sec)
28 | 2-7-49 | Scattering 5.2 18°C | 747.6 |1.6x10-8 | 4.95x | 1xloll | 3091
: 1019
37 | 3-11-49| Scattering 3.9 |24,3°C| 757.0 [1.401x1078| 4,912x 0.8745 | 7843
’ « 1019 | x10ll
33 | 2-26-49| Background 1.2 | --- 1074 |1.5x2078 | --- |0,9ax | 12 con-
1011 ‘fusable
38 | 3-12-49| Background 3.0 {21,5°C| 761.,0 [1.59x10-8 | 4,98x | 0.99x 37 con=-
‘ : S 1019 | 101l fusable
i | . .

B. Absolute Cross Section,

The absolute cross section for a set of paired plates is calculated from

Eq. (20) with Np expressed in terms of the condenser voltage and capacitance, and Ny

expreossed in terms of pressure and temperature. The number of tracks observed in

the two plates between O cn

.

= 80° to 100° is weighted by the solid angle factor as

previously explained., The results thus cbtained for the three sets of plates are

then weighted according to their statistics and averaged giving 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 was not known to better than about 2 peréento Ve

thus obtain 15,94 #* 0.48 millibarns per steradian for the absolute value of the

cross section at 8, = 90° at an energy of 29.4 I 0,1 Mev,

Co

Angular Dependence,

’

The angular dependence of the cross. section is found by dividing 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 interval respectively. This gives

relative values for the cross section which are then normalized to the absolute
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value over the interval 40°% @,,, < 50°. The probable errors to be attached to
each value thus obtained dépend only on statistics as previously explained. The

results are shown in Fig, 17, ¢ - b ¢ ‘

VII, Discussion of Results

A detailed analysis of these data has been undertaken at this laboratory

(26)

by Christian and Noyes and is being presentéd in an adjoining paper. ‘It might
be well here to discuss soﬁe 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(27) it.has been frequently attempted
to interpret small repulsive'P—interactionsAfrom the data, The principal result bf
the present work is the approximate absence of any apparent higher angular'moméntﬁh
contribution, be it due to & real absence of such terms or a fortuitous masking
effect, The fact that this work disagrees even qualitatively from the‘exbected
results is the reason that this work is being presented‘now in its admittedly
unfinished fofmo |

At this energy also D-wave contributions should befgppréciable and in
particular an angular distribution including the singlet D»interéction can be
computed from the low energy data, since the range'and depth of thé pofential are’
known to good precision. The appareént abéencgkqf_this contribufion also means
that there is either a very fundamental difficulty Withvthe'ahalysis of the data
by a static potential or that a masking effect cccurs, Christian éﬁd Noyes have
investigated this point and have shown that it is formally pOSsible'at least to
produde such a masking by a strong tensér interaction., Also such a stronéltensor
term accounts, at least qualitatively, for the large absolute differential_cross
section observed at a primary proton energy of 345 Mev(ls) and 240 Me§(14)o

Figure 19 shows the data as obtained here plotted-tbgethef with those

of Cork, Richman and Johnston(go)° 'thevthat the primary proton energy of the two
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experiments differs by 2.4 Mev so that the absolute cross section measurements can
be considered to be in agreement with an approximate I/E variation of differential
cross section and the assigned probable errors of the two experiments, It ig also
felt that the differences in shape between the two curves camnot be considered
significant,

Figure 19 éhbws also the curve computed on the basis of singlet § and D
interactions alonegy it is thus seen clearly that neithér of the experimental data

are compatible with a central force potential,
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Figure Captions,

Fig.

Fig,
Fig,

Fig,

Fig,

Fig.

Fig°

Fig.

Fig,
Fig,

Fig,

Fig.

Fig,

1.

12,

13.

Relative geometry of a photographic plate “pair" to:the beam.
Geometrlcal parameters shown areo - ' 5
= length of swath scanned

swath width

off-set of emulsion surface from beam center line
= distance of swath from plane through beam normal

to emulsion surface,

@ =y %2 + y2 = distance of beam centerline to swath,
R = beam radius
@1ap = laboratory scattering angle

< wE
n

Schematic layout of collimating system, scattering chamber and integrator.
Photograph of plate support cartridge.

Diaggram of base plate of cartridge showing the means of radial and azimuthal
localization of the plates., The distance A-A corresponds to the interface
distance D of Bq, (4). ’

Photograph of assembled scattering chamber and gas handling éystem°

Schematic diagram of gas handling system. O0il manometer and regulator bank
regulates Hy pressure and meters it against atmospheric pressure,

Oﬁtgassing curve of 50 p Ilford C~2 plates during typical run, The
accumulated impurity contribution during & 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, '

Diagram of collimating system,

Measurement of y.

Plane projected root mean square 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 of the angle
of the tangent to the track with the initial direction,

Root mean square errorﬂCAQ>scato in measuring ©;,;, due to scattering, obtain-
ed 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., Also

shown is the error< 9) in measuring 9y,, due to finite grain size, plotted
as a function of the length of track used 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
8674, is also shown,



=36 ' UCRL~481

Figure Captions {cont’d),

Fig, 14.

Fig. 15.

Fig. 16.

Fig., 17.

Fig. 18.

Fig. 19,

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 form R = K BL272 and on the conservation laws. The
dashed curves represent the deviation from this curve due to the probable
error in angle measurement as obtained from Fig, 13,

The range jf of 247 tracks before "diving" through the emulsion,
plotted as’a function of laboratory scattering angle. The solid line
is the theoretical "limit" of dive distance based on a scattering of
3 times standard deviation. The dashed line is the experimental
"1imit curve" used as a criterian for accepting tracks,

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 lige is best fit; dashed line

is from the data of Fowler, Lattes and Cuer,

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 plotted with the pojnts; these are based either
on purely statistical errors or a conservative estimate of systematic
deviations. The probable error of the absolute scale is 3.0 percent.

Track counts plotted separately for laboratory scattering angle > 45°
and < 459, Equality between the count at a given angle and its complement
serves as a criterian of like particle scattering.

Differentia% cross sections of Panofsky and Fillmore and of Cork, Johnston
and Richman{?0) plotted together reduced to a common primary energy of
32,0 Mev by‘%ﬂ;assumed l/ﬁ dependence of cross section. The two sets

of data are not normalized but the absolute cross section values are
independent,  1wo theoretical curves (kindly supplied by Mr. P. Noyes)

are showng a, pure S scattering usingtfs = 50,229, b. total singlet
scattering (S + D scattering) using a Yukawa well and the same S phase
shift,



N

N
J

1@1

Al > | je—

SNO10Md 40
4IGWNAN LNIAIONI =

d

N

PIG. 1



: . BEAM COLLECTOR
COLHIMATOR | 8 INTEGRATOR
ENTRANGE \ | - )
, AN \
\ » \
ANALY ZING % | \

MAGNET s

r

8 Hftﬂ T

D ,6 o /._//\//‘/'eujb . E\:j

D“&»\

IINEERIZRTT! ULLLI_‘ILT LFIIT[IEJLEILE{ P T AP FEE P A R P A P LR T E T IPEE IO S
T

\/Glob

FROM LINEAR Ho
ACCEL ERATOR

~ NULL
INDICATOF

@)

2 °*HId

T

N ™S
Ll %

14259






228 Z0 | | v 914

HONI |

SNid
ONI1VvOO0T vIavy.

31V71d OIHdVY9010Hd

dIT0 9NIYdS



UNIVERSAL HYDROGEN CHAMBER
=

ENTRANCE ADJUSTMENT
WINDOW BELLOWS

EXIT
WINDOW

L1QUID N,
TRAP

HYDROGEN
INLET

X
GEN. PHYRE= |74

PALLADIUM LEAK

FIG. S

0Z 710



%THERMOMETER ®
ENTRANGE WINDOW-— H/
: \\\\. ¢

| < 1 —EXIT WINDOW

"SCATTERING CHAMBER

- i —=—  BEAM
T L
|
{ ! L\ ROUGHING
500 PSI. || - | | VAGUUM LINE
| LIQUID —_ é\j J T NEEDLE
N, TRAP -] = VALVE
E | ML VENT
_ L
1 70 AMPS % o
i 7 MANOMETER
8 REGULATOR
110 V | ,_ -
"2 AC | |
/PALLADIUM e |
LEAK | |
‘ VMFIO o) |
DIFFUSION - ~ g

T.C. THERMOCOUPLE ’

FI1G. 6

14261 -



B3T44)

uJ

L *B14

SHYNOH NI JNWIL ONISSVOLNO

SNOISTNNI <¢-0 Qy0d411 70§ 40

—
—

FAHND ONISSVOLNO TTVIIdAL

H38WVHO 43117 ¥ NI WA 0l HOV3Y Ol 3dNSS3¥d 404 SANOD3S NI IWIL




¢£Z28 ZO

d13IHS NOILVIAvy

8 914

f

_ 7777
7

ﬁoﬁj 0y

N
NN

Q\\L\\TL

1N0

AN

2224
I

N m
N

WNIaviivd

>>.ooz_>>|l\ |

S1Y0ddns
MOANIM TTVNYILNI

LTI SIS ISR

°H  3dnd




ARV

[
i

|
1

via 8

1]

........

¢ 2w HOLVWITNTOD

11

m i %

\—S31v1d OIHdVYOOLOHd

|4 YOLYWITT0D

et Rt s Ao i b s’ e A b i ket Lt 8

-via oY

———

e &

N\ 4344090 gzm

b
A

INOD ONIGTIIHS — © NOSYY) e




OBSERVED SWATH ”-’”‘/«BE,.AM A

g o  //

" 14340-1



1o°

. Ié'd

QOAVLPL}) IN DEGREES

.50

14°

13°

I 1o

90

80

70

6°—

40

30

. I o(.v

g MEV .

16 MEV.

1

o AN
" }. 5
. NE

20 30 ¢ 40 i1 50

60
MICRONS

70

50

. 100

143341



IN DEGREES

RMS ERROR

(8] dﬁ -

BIMEV

<A 6>s C AT.

4

6 MEV. 6LAB =43°

B oo ot A

v o i e et o

e

&A@>GA.‘

e (e

X e

| .l) | '1 1

X

10 - 20 30 40 50
' : " RANGE . IN

FIG. 12

.. MICRONS

90

14335

i

100

r

P
X



P.E. IN DEGREES (A6 5g)

W

N

|
ol
@)
IN MICRONS

o)
RANGE

‘) o x
A |
A58 ~ B

ME
N X
RROR |
aBLE ERT

prOBABLE E

| J | - l | !

10°

20° 30° 40° 50° 60° 70° 80°
6 as |IN DEGREES

FIG, 13

14323-



1200

1000

800

MIGRONS

IN

' 600}

RANGE

400

200

40°

. 45°

50°

80°

0z 824



~

€ IN MICRONS

DIVE DISTANCE

| 3

I

1500

1000

THEORETICAL

RANGE

OR RANGE

—— THEORETICAL DIVE CURVE
— — EXPERIMENTAL DIVE CURVE = 0.85 TIMES

- GOOD TRACKS AS JUDGED BY IONIZATION OR

- SPURIOUS TRACKS AS JUDGED BY IONIZATION

QUESTIONABLE TRACKS AS JUDGED BY

IONIZATION OR RANGE

247 TRACKS PLOTTED OUT OF 450

TOTAL TRACKS OBSERVED.

10°

40° - 50°
Y FIG. 15

80°

P A2IALCL 1



RANGE . IN MICRONS

L

ke

RANGE —ENERGY DATA OF FOWLER, LATTES AND CUER

BEST FIT TO EXPERIMENTAL POINTS.

o

85 TRACKS PLOTTED. /

* 750

700

650

z | l
600 11.0 s ' 1.5 12.0

'ENERGY IN MEV A_
PIG, 16 14325-|



IN MILLIBARNS / STERADIAN

c.m.

do

' ;
T BIE: 1
z ! "'
I 3
i !
1
o 27
87V  16.00 * 03|
STATISTICAL PE. OF ANGULAR DISTRIBUTION 80 ° 16.38 + 027
{2 TIMES STATISTICAL PE. OF ANGULAR DISTRIBUTION 72° 16.47 * 027
PE. OF ABSOLUTE CROSS SECTION = + 3.0 % 64° 16.30 + 028
56 ° 16.70 + 0.29
] 48° 1564 + 03I
40° 1516 + 0.32
320 14.02 + 035
. 24°  13.23 + 038
10° 20° 30° 40° 50° 60° 70° 80° 90°

)

.m IN DEGREES

FIG 17 0z 821



-v3etvl

\"‘v

SHOVYL, 40 ¥3IBWNN

$33493a NI ¥

006 08 0OL 009 00S 0Ob »0¢ 002 oY
F _ _ _ T, ~ _ _
001}—
X
b
]
7
b
Pox
002
% x
i
S
'
00¢— x H
W :
1
T ,_x X
x J_Aw m % % < Gll.tﬂr\
00b7— b
_% % ) .
- m¢v32m 0
) qo|
cd 8 x
000G+ o Aﬂ .
| | | [ | 1 { 1

FIG. 18



4
. el
- .
)
d : N
A F=) _ (MILLIBARNS / STERADIAN)
c.m. .
T T T L T T - T T T
zor —— s ONLY, S¢=50.22 7
]
e S+D ,YUKAWA WELL .
! GORK, JOHNSTON & RICHMAN (31.8 MEV)
1.9+ 1 . _1
v CORK , JOHNSTON & RICHMAN .
! (90° GCOINCIDENCES) ’ C
" sk \ % PANOFSKY 8 FILLMORE (29.4 MEV) i
: \ .
‘ N
\ t
[
1
[}
.7 v —
\

1.6 |- _
1.5 ]
.4 .
V3l |
1.2 F |
L ‘ . T
o 1 (B | 1 1 | 1 i |

S “10° 20° 30¢ 40° 50° 60° 70° (

80° 90°
8c.m N DEGREES

FIG. 19

LA T

e

- e



