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PROTON-PROTON SCATTERING AT 31,8 MEV
. PROPORTIONAL COUNTER METHOD
Bruce Cork, Lawrence Johnston, and Chaim Richman

January 24, 1950

.Ebstract

Differential cross section measurements for proton-proton scattering have
been made with protons of 31.8 Mev incident energy, scattered from hydrogen at
one atmosphere pressure, Seven increments of angles from 15° to 510 in the
laboratory system of coordinates have been measured simultaneously using pro-
portional counters, In order that measurements could be made with very small
currents, axially symmetrical defining slits and counters were made to include
large solid angles. A 90° coincidence method was also used at large angles to
give an independent geometry and to detect the possibility of slit and contami~
nation scattering. The retio of the differential cross section at 30° to that
at 900, center of mass system, is observed to be compatible with a pure S wave

of approximately 50° phase shift,
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PROTON-PROTON SCATTERING AT 31.8 MEV
' PROPORTIONAL COUNTER METHOD. -
Bruce Cork, Lawrence Johnston, and Chaim Richman

January 24, 1950

Intfoduction

The scattering of protons on protoﬁs has been carried out'by many investi-
gators at successively higher energiessl)m(ls) and'the'analySis(14)=ng) of
these experiments has provided us with a phenomenological pictﬁre of the nuclear
interaction between two protons. The experiments which hafe been Edrriéd out so
far which use protons of incident eneréy up to 14,5 Mev can all‘bé expiained on
the basis of pure S=wave scatteringa If there are effects in'this energy region

due to the scattering of the P=wave théy appear to be small, It wes very desirable

therefore that experiments be made at higher energies to see if one could observe

the scattering of the higher angular momentum waves. With the cdmpletioﬁ_of'the

Bérkeley linear accélerator such an experiment became possible;'

The Berkeley linear accelerator(zo) gives an ekfefnal beam of Weli collimated
32 Mev protons, This makes it practically an ideal machine witﬁ which to do
scattering experiments, Two independent experiments were_undertakenbs'One;éxperia

ment, performed by Penofsky and Fillmoreg uses nuclear emulsions as detectors

-of the scattered protons. The second experiment which is described below uses

proportional counters to detect the scattered protons, and a completely different

geometry. The apparatus was desipgned and constructed before the 1inearAaccelerator

was completed. Since the magnitude of the anticipated beam was not known it was

desirable to construct the apparatus so that as many of the scattered protons

would be detected as possible,

Each proportional counter was thus constructed to inﬁercepf as large a solid
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angle as conveniently possible, and the scattering into seven angular intervals n4

was measured simultaneously, To determine the internal consistency of the data,
two different scattering geomefries were used simultaneously, namely "singles"
and "90° wincidence." By singles is meant that a count is registered_every time
a single proton goes-into a. particular counter, The scattering geometry for the
singles is defined by the two coaxial cylinders aﬁd the zonal apertures of the
individual counters as indicated by Figs. 2 and 3.

When identical particleqvcollidé elastically their trajectories are at 90°
to each other (including relativistic effects for 32 Mev incident protons the
‘angle is 89.6°) in the laboratory system, Thus, a proton-proton collision can
also be measured as a 90° coincidence by arfanging the counters in the proper
manner, The 90°vcoincidence(7) method is included for large angles to investi-
gate the possibility of érrors due to slit scattering and cogtamination scattering,
to reduce the effective background counts, and to give & geometry independent
of the geometry of the singles counting method. The coincidence method depends
on only the entrance apertures to the coincidence counters for the definition
of the geometry.,

. Design of Scattering Apparatus

The complete scattering apparatus is shown in F.g., 1., With one atmosphere
of hydrogen in the soattering chamber a current of 10-13 amperes is sufficient to ¥
give a good counting rate of scattered protons. The accelérator was found capable
of accelerating more than 10° times this amount of current, The protons were made
monoenergetic by means of an analyzing magnet, and advantage wes taken of the
large available current to further collimate the beam to +0,05 degrees by means t

of a slit system and tube approximately 5 meters long.

The scattering chember is shown in Fig, 2, and Fig, 3 is a photograph taken
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from the direction of the entrance .aperture to the detectors (proportionsl
counters) of the’ scattered protons, The proton beam»isxincia;ﬁtgfroﬁ’tHe left
and scattered from the region defined.by two coaxial cylinders., In order that
a favoréble solid angle for detection of the scattered protons will result, the
pfbportional counters have been made to detect simultansously all protons scat-
tered into various zones of a sphere. The two angle-defining cylinders limit the
source of the scattered protons, and these plus the zonal apertures define the
singles' scattering geometry.

‘Since it is desirable to evacuate the scattering chamber and the broportional

countér independently, considerable care was necessary in the mechanical design

"of the supporting structure. The main body of the chamber is constructed of a

welded cone of cold-rolled steél 3/8 in. thick and nickel plated. Supoorting
struts (see Fig, 2) were likewise made of welded cold-rolled steel in the form
of:COnes coaxial with the main body cone. These were spaced at the dividing zones
of the increments of angle by radial strutsvwhich are welded to the main center
hub. , : e

‘The angle-defining plate, which is a section of a sphere, was carefully
madhiﬁed on a lathe, starting with a>600 pound slab of cold-rolied steel. The
critical dimensions of the apparatus are thus determined by the dimensi ons of
this plate and can be easily measured.

A photograph of the counter is given in Fig. 4. All of the Windows for the
counters were made by inserting a single 0,0éS in, aluminum spinnihg Qvér the
anglémdefining éléte, Ring-type rubber gaskets sealed the scattering chember
and the counter chamber to the aluminum spimning, The counter chamber was made
of a heavy aluminum spinning with conical aluminum éartitionslbetWeen the coun~
ters., Aluminum absorbers were placed in the small-angle cpunters to degrade the

energy of the protons and increase their specific ionization. These absorbers
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also kept slit-scattered protons of low energy from penetrating into the counters.

Bach counter is a torus of approximetely a rectangular cross section, and the
collecting electrode consists of a ,002 in, diameter tungsten wire supported by
12 radial siik threads,

The 45° counter is split azimuthally into two 180° sectors, top and bottom,
so that 90° coincidence between the top and bottom halves results. Likewise,
the 39° and 51° counters are arranged so that the top half of the 51° counter will
éive a 90° coincidence with the bottom half of the 39° counter, and vice versa.

Two .0002 in. nylon foils, rotated so that their molecules are lined up at
90° to each other, form the diaphragm separating the hydrogen system from thé
“linear accelerator, Hydrogen is admitted through a palladium leak to the colli-
mator (Fig. 2) and allowed to diffuse through the scattering region. iost of the
incident protons continue on through the chamber and are collected in the charge
integrator, Which will be described later. For convenience in sending beam-
monitoring information back to the accelerator control desk, an ionization chamber
has been included as indicated,

A mechanical shutter consisting of a cylinder, coaxial with the defining
cylinders, is operated fthrough a Wilson seal. Background runs are gadevwith
this shutter moved to the forward position, so that ihe aperture‘between.the de- -
fining cylinders is closed.

Detection of Scattered Protons

The signals from the proportional counters were transmitted through Kovar
seals with Kovar guard rings to the grid of a 4-tube amplifier and cathode
follower, The gas multiplication was approximately 100, but was changed during
the process of determining the plateaﬁ for detecting all the scattered protons,

and will be discussed in more detail later., The maximum gain of the 4-tube
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amplifier was 3000; the band-width was 0.9 megacyclesg The output from each
cathode follower operated a 5-tube channel consisfing éf'a variable'di;cfiminator,
gate tube, and scale of 4, with mechanical register, Signals from the 519, 45°,
and 39° discriminators were also sent to 3 coincidence units and to one unit that
measured the number of accidental coincidences,

The resolving time of the singles scaling circult is limited by fhe discrimi-
nator circuits This resolving time was measured using a double=-pulse signal gene-
rator, and it was observed that two signals closer than 5 microseconds will be
counted as a single count, The resultant correction to our data was' always less
then 2 peréento

The mechanical registers used with ﬁhe scale of 4 units are known to be
reliable for 15 impulses per second, but of course they will not regiéter two im~
pﬁlses during the same 300 microsecond interval, .The counting rate was sufficiently

gmall that, on the average, the mechanical registef operated only once in eight

~pulses of the linear accelerator, meking negligibly small the chance of getting

two (scaled x 4) impulses during a linear accelerator pulse,

leasurement of Energy

The diameters of the collimators are as folloﬁs: A? 2.0 n_lmg_B9 2,0 mmy C,
5,0 om; D, 10 mm; E, 12 mm. Collimators A, B, end C used in conjunction with
.the magnet allow the proton energy to be selected to +0.5 Mev, The integral of
thé magnetic field along the frajectory of the protons has been measured to
i}/? percent by a group working with Mr, Duane Sewell, This plus the angular

deflection of the beam is sufficient(ZI)-to define the énergy of the beam, The

energy was also measured using pro?ortional counters coincident in depth, plus
aluninum absorbers to obtain first an integral curve and then a differential ab-
sorption oufveo Bach of these methods gives an energy of 31,8 + 0.3 Mev for the

incident beam, corrected for energy loss in the nylon foll and hydrogen,
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S8ince some ilonized hydrogen molecules are accelerated to 16 Mev by the
accelerator, it is necessary to insert a thin foil ahead of the megnet to "strip"
the molecule, thus changing its charge to mass ratio so that it will not heve the
seme H o as a.32 Mev proton. A 0,0002 in, nylon foil mounted at collimator A
wes used to accomplish this stripping,

PSSR

! Measurement of Incident Proton Flux-

The beam~integrating equipment is shown physically in Fig. 5 and slectrically
in Fig. 6. Protons enter the high vacuum region of the coliector through a 5-mil
aluminum foil and pass through a guard cylinder into the collector cup, where they
are stopped in lead., The guard cylinder is‘maintained at =200 volts in order to
trap secondary electroﬁsy which are produced by the beam at the aluminum entrance
foil and in the cup. As an added precaution against secondaries, small permanent
magnets were mounted at the foil and in the cup to produce a field of about 50
gauss at the proton path.

The size of the beam and its orientation in the cup were determined by ex-

posing an x-ray film to the beam, indicating that the beam was quite well defined
with a diameter of about 2 centimeters, Clearances»were considered adequate to
the walls of both the cup and the guard cylinder,

The integrator circuit (Fig. 6) functions as follows: Protons collected in
the cup charge the condenser €y = ,001071 microfarads, causing a voltage V to
appear across it, The charge is calculated as V times C;. V is measured by
ﬁanually adjusting the standard potentiometer Py to.pake the cup remain at ground
potential , Whe?eupon V is read as the voltage on the potentiometer dial. The
electrometer tube anh galvanométer comprise a vacuum tube voltmeter which is used
as a null instrument %o indicate when the cup is at ground potential, It will

be seen that the potentiometer needs to be adjusted accurately only at the begin-

ning and end of a run; it was kept in rough adjustment during a run, however,
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to monitor the collected chargeo‘

To avoid errors due to stray lead capacitance‘and'possible”ééﬂsiﬁiﬁity.to
air pressure it was decided to measure the integrating capacitor‘Cl‘in its opera-
ting position in the vacuum chamber, The effective capacitance for beam integration
is the mutual o;pacitance between the éup and the potentiometer lead marked A; and

is independent of the capacitance of either to ground; this was measured by compar-

ison with a standard variable air condenser both at 1000 cycles and at very low

frequency (actually d.c. impulses about 5 seconds long) by suitable bridges, These
checked to within 0,2 percent, which was taken as the limit of Short-time soakége
in the condenser., Long-time soakage and leakage were also shown to be less than
Ol perceﬁt for half-hour runs. The calibration of the variable. condenser was

also checked against a standard mica condenser at 1000 cycles, Cl is é‘polystyrene
iﬁsulated unit, made by the Fast Company, A series of p-p scattering runs was
made as & function of the potential on the guard cylinder, and another set as a
function of gas pressure in the integrator, from which it was concluded that errors
due to secondary electrons and gas multiplication would be negligible., The grid
current of the electrometer tube was measured after each series of runs and a
correction of approximately one percent was necessafyo We have asdigned a probable
error of i}/z percent to the beam measurements, Thi: intégrator was developed
by‘Mf; Lee Asmodt, to whom we are indebted.

Hydrogen Gas Supply

Pure hydrogen gas for the scattering chamber was obtained by passing tank

‘hydrogen through a heated palladium thimble, This device is similar to the one

described in the previous paper (UCRL 481) end hence will not be discussed, Before
entering the chember, the gas passes through a coll of copper tubing wrapped
around the collimatbr tube, to insure thermal equilibrium with the walls of the

chamber, The temperature is measured by a thermometer embedded in the flange of
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the collimating tube during a run, All joints in the tube carrying gas from the
palladium tube to the cﬁamber are made without rubber gaskets, using either metal
flared fittings or threaded joints waxed with CENCO "Sealstix," Hydrogen enters
the chamber in the middle of the collimator and from_there floﬁs continually out
into the main volume of the chamber, It will be seen that most of the scattering
takes place in the interior of the coliimating tube where the hydrogen is most
pure; this ié particularly true of scattéring at small angles, where the effects
of Coulamb scattering from contaminating gases are‘most likely to be encountered.
The excess hydrogen escapes from the chamber via an oil-lock tube which regulates
the pressure and prevents back-diffusion of air into the system. The hydrogen
flow normally used was sufficieant to change the gas completely in 90 minutes;
this sﬁept out contaminating gases evolved from the chamber walls with sufficient
speed, Tests fér determining.gas contamination will be describea in a later sec-
tion,

Background Evaluation

Reduction of background counts was the pgreatest single difficulty encountered
in doing this experiment, and it is felt that anyone starting to work with protons
of this energy or above would do-well to use coincidence counter telescopes, and
fast circuits., By carefully shielding against x-rays and neutrons we were able
to obtain data with a background of about 20 percent. Of this background, about
1/@ is x-rays and 3/4 neutrons.

The x-rays are generated by stray electrons accelerated to a few hundred
kilovolts between the drift tubes of the linear accelerator, These were effec-
tively reduced by covering the scattering chamber with 3/@ én,-of le:ado The
neutrons are produced wherever the beam strikes matter, with only slight depen-
dence on the nuclear species, Rough experiﬁents indicated that lead and bismuth

gave approximately 1/2 the background effect observed in carbon, copper or

v
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aluminum, Hence lead was used to stop»the’protonsvwherever.practicableo A

“typical ‘collimator disc is shown in Tig. 7.  Most of the protons %o be rejected

by the disc strike the lead facing, while the hole itself is lined with a thin
collar of copper to reduce scattering from the collimator edge..
The neutron flux at the counters is greatly reduced also by arranging the

collimating system so that all protons to be rejected are stopped at some distance

from the couﬁfefsD and several feet of concrete are intefposed between the counters
and the last collimating disc. Note thgt the main proton beam does not strike any
solids after collimator C, until it is stopped in lead at the integrator. The
integrator is placed 67feet behind the counters, in order to allow extra coﬁcrete
shielding between them,

Background due to cosmic rays and other accelerators. in the viecinity was
reduced to a very small fraction of the total background by~gating_on thevcoﬁnters
only during a pulse of the linear accelerator..

Since the background was large, it had to be evaluated accurately; and un-

fortunately the background varied with time by as much .as 25 percent., Thus a

' single background run would not give a good correction., It was necessary to

break up the running time into a series of short scattering runs alternated with

background runs, so that the fluctuations in backgroumd would average out over

" the series, The only assumption necessary here is that background fluctuations
‘are random with regard to whether the run is for measuring scattering or back-

'groﬁnd; and we feel that this condition has been fulfilled,, Bagkgroundvvariations

were caused by the operating conditions of the accelerator,.and hence one might
sﬁépeot that the accelerator crew would have been more careful .in their opef&tion

during a scattering run than during a background run, Accordingly, precautions

were taken to insure 4hat the crew would not find out during a series, which

" runs were for background. The general.background level in the room was continuously
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monitored by an auxiliary proportional counter of geometry similar to the proton -~
counters and located adjacent to the scattering chamber, The readings on this
counter were used to approximately normalize each backgrouﬁd run to the general
Vbackground 1eve%'during the preceding scattering run, By fhese devices we were
able to reduce to about 1/2 percent the effect of background variation on our
results, as judged from the internal consistenﬁy of the series of fi&e runs listed
in Table I.

A further item of importance is to show that the true background is being
measured, i.e., that closing the shutter to cut off the scattered protons from
the counters does not appreciably change the background counts.

The two principal avenues by which this could occur are here discussed:
1. Hydrogen—scattered protons which normally are counted, or which strike opague
zones of the steel defining plate, will instead strike the shutter and make a
nuclear reaction which can produce a count., This will be a small effect, since
such a nuclear reaction will have a yield of about 10"5, and the resulﬁingbpar-
ticles will be counted with low efficiéncy by the counters. 2. Any neutrons
which enter the chamber co-linearly with the incident proton beam could produce
n-p scattering in the H, gas, which would be recorded as p-p scattering since the
shufter would cut out the scattered protons during background runs. In all couh-
ters, except the 77.6° one (all angles are expressed in the center of mass system),
protons Would not have sufficient energy to penetrate the absorbers placed in the
counter windows unless they were scattered from neutrons of at least 22 Mev energy.
The corrésponding ﬁinimum neutron energy at the 77,6° counter is 18 Mev., We have
shown in another experiment that the yiéld of high energy neutrons by 32 Mev'proton
bombardmnent on copper or lead is less than 1076 using the carbon (n,2n) reaction

as the detector. This reaction has a neutron threshold of 20 Mev, The most likely

place for these neutrons to be produced is at collimator C, and, allowing that 100
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times as much bean is stdpped at this collimator ag is transmiffédgiahd that the
neat£6né'geﬁerated épréad‘out with_a fﬁliiéﬂglé'at L?z'infenéiﬁy:o%‘iooé'the
neutron inéehsity irside the defining cylinders is less than 10~° of the incident
proton beam, ‘Since n-p and p-p scattering cross sections are compareble in magni-
‘tude, n-p scattered protons will be less then 1046 of the p-p scattered ones. The
‘above is éonsequently a nEgligible source of error,

" Eveluation of Protons Scattered from Slits, Gas Contamination,.Btc,

Reference to Fig, 2 will show'that.it is impossible for a primary proton to
scatter from the nylon foil or any of the metal apertures and get into & counter,
i thout scattering once more in. the process from another body.: The-p}obability
or such an event is rather- complicated to calculate, so we relied on experiments
in which we looked for residual seattering counts when the chamber was highly
evacuated, Ko effect was observable above background, Thus this source of error
"~ would Bevlesé than 1 percent at)a}i angles,
A poééible event not covered by the above experiment would be that protons,
’“éééttered from hydrogen ges near the entrance foil at small angles, would strike
fhé‘definihg ¢ylinders and thence bounce into a counter, |
O Lest this, it was necessary toAhavé hydrogen atoms in fheacolliﬁaﬁing
s “tube to ‘illuminate the edges of the defining cylinders with scatbered protons,
but it was also necessary to have no hydrogen in the scattering region from which
"honest" scattered protons could reach the counters. This was arranged by, placing
an extra nylon foil 5 mils thick in the collimating tube at the plane of coi1i~
‘mator E (FigZ“Z)o ‘This foil i caleulated to produce Rutherford scattering equi-
vaient to filling the collimating tube with 100 atmospheres of Hy gas, Residual
scattering was now looked for with the chamber evacuated, but7nbnevwas'observedo

One atmosphere of Hy gas normally present in the collimator will produce less

than a 0,1 percent error in the 27.3° counter, due to this event.
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To determine tha tolerance on gas impurities for fhis experiment, the

scattering of 32 Mev protons in air was measured, using the same apparatus.

From this we concluded that our hydrogen should contain less than 0,0l percent

of nitrogen or oxygen in order to réduce the resultant scaftering;to 0.1 percent
of the p-p scattering. To determine the rate of evolution of contaminating gases
from the chamber walls, the chamber was evacuated before each run, and the raée of
increase of pressure measured on the chember with the (cold) palladium tube con-
nected. This rate never exceeded 10° atmospheres per hour, which, combined with
the hydrogen flushing period of 1 1/2 hours, gives a meximum impurity content of
0,001 percent for the gas in the main chanber, zThus the feature of introducing
the pure hydrogen gas into the scattering region of the chamber is not absolutely
necessary, but it does provide an experimental check én the contamination of the
main chamber, as follows:

At the end of a series of runs, a run was made ih which the supply of pure
hydrogen was cut off, so that any contamination in the main chamber would diffuse
into the scattering region.  The measured cross section was the same, to within
its probable error of 2 perceht, as in the runs in which the gas was'flcwing, The
pelladium tube was tested for perforation before and after each series qf'runs.l )
In view of the measured low rate of evolution of contaminating gases, and the
continuous renewal of hydrogen in the scattering fegion, we consider the scattering
due to gaslcontémination to be negligible. |

It is possible for hydrogen-scattered protons to strike the radial and
conical supporting struts in the chamber and thence scatter into the oouﬁters°

The corrections for these scattered protons have been calculated on the basis

of Williems' equation,(zz) and were estimated to be less than 0.1 percent at all

angles,

|
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Determination of Geometrical Factors sl o g
. ) vI!‘ . N . .

The basic differential equation deéfining scatte%ihg'yiélds'(fatio'df_SGQttered

to incident protons) is -

dY = [ — N dt dn
o ao/ - S
cﬁmﬂ
“where dY is the yield of protons scattered into the solid angle d.fU .fromxa‘path
length dt of incident beam., N is the number of scatferiﬁg nuclel péf wnit volume,
Reference to Fig, 2 shows that scattering occurs over such an extended region
' , t R . o .' . V ‘ . ' N
in this apparatus that the solid angle subtended by a given counter will vary con-
siderably over the scattering‘region, and hence mahyJof the usﬁal‘éimglifyihg
‘assumptions made in other scattering experimenﬁs are nofvjustified hére, The
above equation was integrated over the solid ahgle d.ILc'ﬁa and‘éiong the scat-
tering length dt. The geometry was evaluated in terms of a facﬁdffd?jdefined as,
1. fdﬂ dt
G .

Then,

The assumption is made that (gﬁ;)c . is a iiﬁear fuﬁc%ionrof'thé‘SCaftering
angle © within the raﬁge of éiaccepted by a given coﬁntefg fbr Tack ofvprevious‘
knowledge of the real shape of the curve, The errors intfodﬁcéd Ey this assunption
are calculéted to be less than 1/2 percenfslif:one accéptévthé tﬁeoretiéal curve
for ste = 4-90.21,6.3g in Fig. 9, as the true one;.TaBle IIrindiqgtes'the angular
interval covered bybeach of the 6ounters, ranging from 16,65 for the 27,3° counter
(all_;ngiesvaré in‘centef of mass sysfem) £o 19.4° for the 89,7° counter. The
entire angular interval does not have the é;@e weight of coﬁfséafsince reiaﬁively

vfewér protons of extreme angles.oah get in., The weigﬁ%ihg functions for protons

R EE
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of various angles. getting into a given counter are roughly symmetrical trapezoids
as shown in Fig, 8,

For purposes of.plotting the data, the effective angle of .each counter is
taken as half-way between the two extreme angles which the counter "sees."

The G factors were evaluated by two independent methods: first by graphical
integration from an dccurate full-scale.drawingb and then by an analytic method,
We-wiéh to acknowledge the material assistance of Mr. F. Fillmore in developing
the latter appfoach° The two.methéds agreed at all anéleé tq better than 1/2
peroent; A number of small éorrections’to the above are necessary, due to simpli-
fying assumptions made in the calculations, The value of these will be given for
a typical counter, the 64070 one:

1. =-1.5 percent, due to scatterea protons penetrating the corners of the defining
cylinders (copper). It is assumed that the protons are not scettered in the copper,
since roughly as meny will scatter.into a given counter as get scattered out. All
protons are assumed to reach the counters if the thickness of copper théy must
penetrate leaves them enough energy to pgnetrate the -aluminum absorber at the
counter window, This energy threshold of the counters greatly reduces the effect
of pengtration of the copper.

2. +0.16 percent, due to "tunnel effect" of the parsllel sides of the apertures
of the counter windows, ‘

3. A corfection for finite width of the incident beam was necessary for the
small angle counters, amounting to “6035 percent at 27.3%,. The original calcu-
lations assumed the beam fo be a line source,

4, It was discovered.that certain dimensions of the chamber were warped.when it
was assembled, since it was necessary to draw the peripheral ring of bolts tight
to make the major vacuum seals, Hence it was necessary to measure all the essen-

tial dimensions while it was assembled, This was done by means of various gauges
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inserted through the access port. The radius of the counter windows from the
center of the chamber wés neasured at siX‘poin%é’féf'each couﬁtergfand-the:width
of each counter aperture was measured at 18 points. The angular position of each
counter aperture relative to the center of the chamber was measured by talipers
and calculated by trigonometry., The aperture between the defining cylinders was
measured; as well as their diameters and their position relative to the center of
}thé chambér, Corrections were derived from these data for.each coﬁntérg ambunting
to %204 éercent for the 64,79 counter, IT is believed that the result of these
neasurenonts is good to +0,2 ?ercent.

The corrected G factors are listed in Table I,

Procedure

-

he aligment of collimators and the scattering chamber was accomplished as

3

follows:

"The position of the beam at the exit of the linear accelerator is determined
by observing flucrescence cause by the incident protons. A limiting aperture 4 is
then 3'.nsechec.3t.q and the position of the deflected beam is observed in the region of
the exlt to the ahalyzing magnet chember. A second limiting aperture B is inserted
at this point and the position of the bveam is observed in the region of the scat-
tering chamber. Aperture C is then installed, and the axis of the .deflected beam
is determined by apertures B and C. Cross=-hairs are iﬁstalled in apertures B, C,
and Dgrfhe angle-defining cylinders and the main supporting hub. ' Aperture D, the
aﬁglewdefining cylinder, and the hub are first adjusted until coaxial, Therentire
scattering chamber is sugported on three adjustable screws for vertical aeflectiono
Tﬁe'frént'ahd back cen be moved independently in a horizontal direction by means
of adjusting screws and sliding plaﬁes.

With’the aid of the cross-hairs and a transit-iype cathetometer, the apparatus

was aligned with the axis of the beam to better than +0,010 in. The general
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aligmment is checked by illuminating a photogrephic plate with the proton beam
in the region of the charge integrator,

The foils were then inséélled in aperture D, and the chamber was filled with
hydrogen (see above), The correct amplificatidn for each counter mustvbe deter-
mined so that all of the protons are counted but as few background counts as pos-
sible, Since the background was due to photoelectrons and to knock-on collisions
bf neﬁtrons with the walls and gas of the counters, & nearly continuous spectrum
of background pulse heights was present. Increasing the gas multiplication of
the counter increases the background at a very repid rate, The technique used for
setting the gas multiplication was as follows: 1) The countér apparatus was al-
lowed to come to equilibrium by operating for an hour. 2) A pulsed signal gene-
rator was connected to the discriminator input of all 12 chamnels, and the dis-
criminators were adjusted to operéte at the same predetermined pulse heights.

3) The gain was measured and adjusted so that all amplifiers had nearly the same

gain, 4) A high voltage from a single source was applied to the tungsten wires

32

of each of the proportional counters. A phosphorous”® source of beta-rays was

then placed in turn at each of the .00l in, dural windows in the counter (see

&

ig. 2). The potentiometers supplying the potentials for each wire were then
adjusted to'give approximately the same counting rate in each counter,

This procedure greatly facilitated the adjustment of the many counters. %o
make a scattering run, the above procedure was followed; the chamber was filled
with hydrogen to one atmosphere; a measurement was made of the beam energy; the
accelerator was édjusted to give a maximum beam through the analyzer intb the
charge integrator and its magnitude was then adjustéd to give a sétisfadtory
counting rate into the counters, |

Before a run the shutter was opened; and the gas multiplication adjusted

to the maximun value without overload., HNext, the incident proton beam was
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intercepted by.-a "flip gate;" the counters were turned off; the chargé collector
cup was grounded;rdﬁd the initial readings of the méchanical,regisfefsffecordedo

To start‘a run, the charge collector cup was ungrounded; the counters were turned
on; the "flip gate" was opened; and the run continued until a predetermined charge
was collécted on the cup. The time of the run, the pressure and temperature of
the scattering hydrogen, and a total of 15 independent register readings were re-
éoé&éd (4 éﬁail sngles, 3 large angle split counter53'3 coincidences 1 aocidental
coincidence, and the background monitor),

The background run is then made by closing the shutter and repeating.the

"above procedure, After the same amount of charge is collected, the counter readings

were recorded, The background monitor counter readings were compared with the pro-
ton run, and a correction was made to the singles background for each counter by a
factor equal to the ratio of the two background counts. Table I lists the dif-
ference between the proton run and the corrected background run, corrected to
0°C and 760 mm Hg, and for coumter resolving time, (Less than 2 percent correction.)
These average data weighted according to total collected charge are then multi-
plied by a geometrical factor G, listed below,.which includes the géometrical
values required for conversion to the differential scattering cross section in
the center éf mass system, These conversion factors ére listed in row 29 and
the average converted values'are listed in row 30 of Table I,

To determine the plateau for counting all of the>scattéred>protons,-runs
are made in turn by reducing the gas multiplication of each céunter until counts
are missed, The knee of the plateau is thus determined and scattering date

(marked *) are then taken for values of gas multiplication well up on the plateau

?of the counters,

. The data from which the plateau is determined, and the percent background

are tabulated in Table I, " The pressure of the argon-carbon dioxidevcounting
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gas mixture was reduced for row 10 and succeeding runs, Thus the plateau occurred
at a lower counter potential,
Results

Table I lists the number of proton éounts, corrected fof k—ray and neutron
background, and resolving time of the counters, and normalized for a collected
charge of 317 x 1012 coulombs, The colwm Q gives the actual collected charge
for each run and is used as the weighting factor in computing averages.

The plateau for the proportional counters was determined by the method described
under Procedure above, Rows 1 to 8 give typical data for determining a plateau.
The power supply potential is listed for convenience, The actual wire potential
was derived from a potentiometer connected to this suppiy and was approximately
éO percent of the recorded values, |

The slope of the plateau was determined first for the suﬁ of all the counters
by coméaring the proton counts as‘a function of the counter potential. It was
observed that.statistically the plateau happened %o deérease 1.6 percent'for a
iOO volt increase in wire potential, All date used in computing averages were
well up on the plateau, and a reasonable maximum error of +1 percent -0 percent
is . arbitrarily selected because of uncertainty in the plateau,

The large angle counters are split into top énd tottom sections, The 89,7°T
and 89,7°B counters are observed to agree within statistics, The 77, 60T anq 77.69B
counters differ by 4.6 percent which is approximately twice the.assigned relative
pfobable errorol All the counters were disassembled and inspected, but no reason
for %he asymmetry could be detected, The differential cross section is‘thus
calculated using the mean value of counts in the 77.6° counters,

The average background counts are listed in colwmn 12, It is observed that
the background is a rapidly changing function of the counter f)otential°

The mean values of proton counts weighted according to collected incident
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proton charge are tabulated in row 27, Row 28 is a tabulation of the pefceﬁt

rimys. dévistion of the mesn’ reswlt, This is computed By dividing the roob

mean square deviation of the result ofveach series by the square root of the

number of series of runs, The geometrical conversion factors are listed in row

29, and the absolute values of the differential cross section in the center of

mass system are listed in row 30, expréssed in millibarns (10"“27 cmz}vper steradisn.
o The éséiéned probable errors for 90° in the cenfer of'mass‘éystem are és
follows:

- a) collected charge :nl/Z peréent

b)vﬁeénvehergy'i 1 percent

c) measurement of témperature and pressure 1.1/3 percent

d) slope of plateau (meximum) + 1 percent, - O

e) (percent r.m.s. deviation of counts) i_l/z percent

£) calculated geometry :;5/4 percent,

Thé root mean square value of these probable errors is +1.8 percent, =1.5
- pércento'

The arrows along the ordinate axis of the differential cross séction plot
Fige 9 are the assigned probable error of the absolute cross section at 909,

The probable errors for the differential cross vections are the r.m.s.
values of d), e), and f) above and are indicated in Table I, Note.that e) is
different at each angle,

The experiment was planned to provide two separate checks on the symmetry of
scattering about 90° (center of mass), one from the singles data and one from
coincidence, Singles data from the iOZo'counter could not be used, however,
because the aluninum windOW'could.not be made quite thin enocugh to admit protons
of meximum angle (and hence minimum energy) which the counter could "see," The

coincidence geometry admits only protons of energy high enough to get into both
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the 78° and the 102° counters, and hence a check is provided. The close agree- -
ment between the '77,,6‘O singles data and the 78°-102° coincidencé data indicates

that the measured cross section at 102° is probably not smaller than that at 78°

by more than 1 percent. The coincidence data are also given in Table I,

The results indicated by Fig, 9 are different from the results ex?ected,
assuming the usual stetic potential theory. The theoretical curve for an S-wave
phase shift of 65 = 499 21,6' is included in Fig. 2. Also, the theoretical
curve assuming a Yukawa potential well adjusted to fit the low energy data and
having gs = 519 9,2 plus a 5D'= 1° 20.4', is plotted in Fig. 9. A comparison
with the data using the photographic emulsion detectors is gifen by Fig. 10,

The analysis of these data, given in a paper by Christian and Hoyes (UCRL 554),
shows that the shape of the differential cross section curve is compatible with
& pure S-wave,

Christian and Noyes show that, if one com@ares the proton-proton scattering at
32 Mev with the neutron-proton scatbering data obtained with 40 liev incident
neutrons, one must condlude that the hypothesis of the charge independence of
nuclear forces is not valid. Furthermore the absence of a repulsive force in the
P state coupled with the fact that in the case of the n-p interaction the repulsive

forces are weak makes it difficult to understand the saturation of nuclear forces.
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Geometrical Scattering Length =
Normalized for Collected Charge = 317.1 x 10’12 coulombs
= 31.8 £ 0,3 Mev

Mean energy
89.7° T and B refers to top half and bottom halves of a given counter
A1l counts x 4

5.38 cm.,

TABLE I

‘Singles Mean Angles, Center of Mass

Coincidence Angles

{center of mass)

Row | Date Counter  £9.7°T | 89.7°B | 77.6°T | 77.6°B | 64.7° [ 52.50 | 39.8°]27.30 | av. | Q 909 |1022
Potential Back| x10-12| —90° |-7g°
Volts grnd.| coul-
i y4 ombs
1 7=15=49 | 3200" 590 623 656 582 1072 | = 728 1492 21 316 136 |-
2 | 3200% 623 585 596 594 i061 | 929 706|494 28 | 316 132 {138
3 | 3100% 625 625 639 | 600 1077 = 720 | 480 11 316 140 {134
L ' 3100% i 590 612 616 | 617 1085 | - 690 1494 13 316 138 {139
5 ; 3000 5585 597 506 g 561 1125 = 641 | 459 10 316 127 {128
6 i 3000 | 623 599 656 596 1088 | - 668 447 5 316 134 {137
7 3000 T 612 638 | 610 1084 | - 677 |71 5 316 138 {136
8 2800 | 612 601, 607 | 516 1016 | = 616 [416 2 316 128 [124
9 | Av.values ' 607 611 627 598 1074 | (929) 711 1490 1.264 | 136,5{137
10 | 7-22-49 | 3100% 655 630 64,2 602 1068 | 977 705 1497 54 318 157 141
11 3000% . 613 623 620 585 1039 | 948 713 (485 25 318 140 143
12 3000% 614 647 624 501 1110 | 97 715 | 506 3y 318 136 {135
13 Av.values - 628 633 629 596 1072 | 965 711 1496 954 144 1139
14 | 8-29-49 | 2700% 574 594 613 581, 925 707 470 24 317 1 139 141
15 2700 627 631 627 586 940 729 | 502 19 | 317 | 153 {138
16 2700% 599 622 627 599 938 743 | 515 33 317 153 |142
17 : Av,values | 600 616 622 590 934 726 114,96 951 148 1140
18 | 9=1=49 2900% 607 607 600 598 1055 | = 67 | 486 25 211 141 1139
19 2800% 611 623 655 610 1091 | -. 742 | 514 25 211 153 1142
20 2800% 657 625 629 608 1145 | = 706 | 506 20 211 144 1138
21 2800% 596 595 5873 603 1059 | = | 710 |485 26 211 " | 126 {135
22 2800% 582 606 643 589 1106 = 727 1470 21 | 211 | 131 {147
23 Av, 611 611 | 622 602 10911 =" | 712 |492 1055 139 {140
2L | 9-8=49 2800% 603 626 643 603 1151 | 963 45 | 512 35 211 139 1139
25 2800% 595 605 | 6i1 606 1134 | 947 690 |512 35 211 129 |138
26 Av, 599 615 627 605 1132 | 955 717 |512 L22 134 1139
27 Wtd.mean |610.1 | 616.9 | 625.2 | 597.5 1085 | 943 715 (494.9 140,7(138.9
28 RMS Dev, |%.77 +.59 | t.22 +.38 1.1 | 2,78 %36[4.70 11,6 | t.35
29 Gntctar G 1.672 1.683 1.853 | 2,128 | 2,656(3.,795 14.45{14.58
30 Ms,(dshn)yl  14.30 14.39 14.05 | 14.02 | 13.27{13.13 14.21 (14.15
31 Rob.error $1.1% +1,0% t1.4% | +1.2% | 1.1 [41.2 11.8% {+1,1%
! (differ:

m:&z-..;

28% DN



(LABORATORY SYSTEM)

Qmax ' gmin
16.310 11.000
23,059 16.76°
29.71° 22.51°
.36,36° 28,49°
43,24° 34,39°
49,670 40,00°

56.38° 46,00°

-25a

TABLE II

Total Aluminum

Absorber mg/bmz

867

709

530

351

179

179

179

UCRL 482

Residual Range of
31 Mev Incidgnt
Proton mg/cm Al

183

116

230

229

221

81
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Figure Captions

General Arrangement of Apparatus,

Proton-Proton Scattering Chamber,

.Scattering Chamber - Looking through Counter Apertures,

Proportional Counters with Absorbers on the 4 Smallest Angles.

- Mechanical Layout of Charge Integrator.

Electrical Circuit of Charge'Integrator.

Circular Apertures.
Weighting Factors of Various Counters,
Proton-Proton Scattering at 31.8 &+ 0.3 lev,

Differential Cross Section.
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