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Abstract

This papsr Is a detailed account of measurements, already briefly 

reported, of the angular distribution of proton-proton scattering at 

437 Mov0 A description is given of the external proton beams its 

collimation, angular spread, energy spectrum and intensity. The count­

ers, electronics, and targets are described. Two scattering arrangements 

were used. In one the polyethylene-carbon subtraction method wita coinci­

dence detection of the scattered and recoil protons was employed. In the 

other a counter telescope detected the protons emerging at a given angle 

from a liquid hydrogen target} at the larger angles but not at the amHer 

the scattered pairs could also be detected by coincidences between th© 

telescope and another counter. At the smaller angles, when coincidence count­

ing could not be used to insure detection of elastic p-p scattering, pre= 

cautions were taken to absorb the particles produced in inelastic p-p 

collisions. The results are that the differential cross section for elastic 

proton-proton scattering rises smoothly from its value at 90° Com. to a 

value about 20?? higher at 17° c.m. The value at 90° e.ta. is 3.49 + 0.17 

sb/ster.



INTRODUCTION

This paper ccsitains details of work, carried out at this laboratory 

and already briefly reported,**2 on Ksasure&ents of the angular distri­

bution of elastic proton-proton scattering at 437 Kev.

Such measurements have been made by others for protons of energies up 

to 345 Mev*3 References 4 - 10 include descriptions of those for energies 

in the region 100 Kev to 345 Mov. These experiments indicate that, in this 

energy range, the nuclear differential scattering cross section in the Conu 

system is approximately independent of angle and of energy*

Partial wave analyses of the scattering data for 240 Mav have been 

carried out recently****^ these analyses at least S and P states of 

angular momentum oust be included since an 3 wave alms can hardly explain 

the magnitude of the cross section. Purthenaere, recent experiments on the 

scattering of polarised protons by protons indicate that, in the energy 

region of 320 I-Iev and above, there are strong interactions in P and P 

stateso*3*14,15

It Is of interest whether or not the p-p and n-p scattering cross 

sections are consistent with the hyjjothesis of charge independence. One of 

the requirements for this is that

cp*»p (e - 90°) & 4 (8 - 90°)

where Q Is the scattering angle in the c.m. system.*^ Recent proton cross 

section measurements5»& indicate that this inequality is satisfied for 

energies up to 350 Ifev,
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EXPME-ENTAL METHOD

I. Proton Beam

A. General Properties

The source of the high energy protons was the Carnegie synchro­

cyclotron. A few percent of the beam is accelerated until it reaches a 

radius of about 70 inches (n « 1), whore it has sufficient energy to spiral 

out of the machine. At this radius the energy is about 450 Mov. These 

protons ©merge with apparently equal intensity at all azimuths5 their final 

path is tan rent to a radius of about S3 inches. A collimtor, appropriately 

Inserted in the concrete ehield wall, allows a small fraction of these 

protons to pass into the experimental region where the intensity is 2 x 10^ 

cta-2 se<r*3.. The collimator restricts the bearri to a size of l/2 in. x l/2 in. 

The beam so obtained is quite raonoenorgetic and free from contamination.

Figure 1 shows the cyclotron, the concrete shield wall, and proton collimator.

Figure 2 shot® a considerably overexposed (1 min) x-ray film picture 

of the beam at the es&t end of the collimator which ia about 30 f©©t from 

the cyclotron. The target is normally placed 4 foot from the exit end of 

the collimator. The beam size at a distance of 20 feet from the collimator 

is 2.5 inches. This spreading is due to the nature of the origin of the 

beam and to multiple scattering by the window on the cyclotron vacuum chamber 

and by air.

B. Energy

The energy and energy spread of the protons have been investigated 

three ways. The results are that most of the protons at the target have an
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energy of 437 Mev which nay vary by about 3 Mev duo to variations in the 

magnetic field of the cyclotron,, The instantaneous energy spread of those 

protons is probably less them 3 Mov* In addition, about 5 percent of the 

protons have energies between the maximum energy and 390 Mev. A negligible 

fraction have energy below 390 Kev. Those with energy lower than that of 

the main component probably suffered energy degradation in the collimator.

The first method used to investigate this problem was to count the 

number of coincidences between the scattered and recoil protons, in a p»p 

scattering experiment, as a function of angle between the two counters. For 

this experiment two stilbene scintillation counters were used. The stilbene 

crystals were 1 cm wide and 3.5 cm high in the plane perpendicular to the 

path of the detected protons end each was at a distance of 66 cm from the 

scattering target. 'Hie two counters were symmetrically placed with respect 

to the proton beam. The angle between the two counters was checked to about 

one minute by comparing the counting rates at angles where the slope of 

counting rate versus angle was steep, with and without interchanging the 

arms which supported the counters. Tho target was 0.54 gm/cm^ of CH2J by 

replacing the CHg with C vie wore able to obtain the results, shown In 

Figure 3* due to hydrogen scattering alone, Mcn-relativistlcally the angle 

at the target between the two counters for paak intensity should of course 

be 90°, Relativistically this angle, 2 9, for synmetrically placed counters. 

Is given by

tan 2 © »/4 1) tan 9 ♦ cot ®
\ E© / So

where Eq is laboratory kinetic energy. For 437 Mev this angle is 84°o Thus 

from the counting rates at angles between 84° and 90° wo could obtain an 

indication of the number of low energy protons in the beam. An energy scale
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la included in Figure 3» From the curve we were able to conclude that the 

peak lay at the correct angle within a vmdzmz error of 10 minutess that 

to an accuracy of 1 percent there were no protons with energies between 

150 Mov and 350 Mev, and fma consideration of the area and shape of the 

curve and the resolution of the equipnsent, that there may have been between 

5 percent and 15 percent with energy above 350 Hev but below 437 Hov* This 

method, though it did not have very high dispersion, was used to obtain a 

semi-quantitative result quickly and before we had set up better equipment 

for the purpose0

Higher dispersion was obtained by a method involving the observation 

of Cerenkov radiation0 Plate glass of 1/2” thickness was placed in th© 

proton beam, Cerenkov radiation from the glass passed through a lens and 

slit system and was detected by a 1P21 photomultiplier® The experimental 

arrangement is shorn in Figure 4« The intensity of the radiation was measured 

as a function of its angle, with the proton beam® The angle 0 inside

the glass is related to tho 3 (°*X) of the protons by tho relation cos © “ A
c S3

where n is the index of refraction of the glass® Honce, the radiation at a 

particular angle originates from protons of a particular 3® The glass was 

rotated i-dth the optical system so that the light detected always emerged 

perpendicular to the glass surface® Figure 5 shows the measured intensity 

of the radiation as a function of the angle ©$ an energy scale is also shown. 

The constant background appeared to be arising from fluorescence of the 

glass, since it remained when the velocity of the protons was reduced by 

absorption in coppor to a value at which Cerenkov radiation could not bo 

emitted® A rough analysis of this curve indicated that about 5 percent - 

8 percent of the protons had energies between 390 Mev anc the peak energy®
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Tha number of protons having energies between 300 Kev and 390 Mev was zero 

to an accuracy of 1 percento

Finally, having set up for other purposes a coincidence ■= anticoin­

cidence counting telescope we have obtained differential rango curves in 

copper for the protons. The telescope consisted of four scintillation 

counters as shown in Figure 6? they are numbered 1, 2, 3» 4 in the order 

in which the beam traverse! them. 1 and 2 ara coupled in coincidence and 

used as a monitor; 1, 2, and 3 are in coincidence with 4 in anticoincidence. 

Thus, a count from 1 ♦ 2 ♦ 3 -* 4 arises from a particle traversing 1, 2, 

and 3* but not entering 4o The ratio of 1 + 2 + 3 “ 4 to 1> 2 as a function 

of copper thickness between 2 and 3 is shown in Figure ?» The energies of 

protons at particular copper ranges are also shown. Due to nuclear absorp­

tion in counter 3, there is a small counting rate of 1 ♦ 2 ♦ 3 - 4. This 

rate varies slowly with thickness of copper, particularly in the first few 

centimeters, due to the finite range of the fragments produced in nuclear 

events. At the end of the range of the protons the expected peak in counting 

rate is seen. Also shown for comparison is a oifferential range curve 

taken after the bean had passed through a magnet. The similarity of these 

curves at copper thickness below 1 inch indicates the absence of low energy 

contamination even for energies below 150 Mov, a region not reached by the 

other methods described.

It would eeem that the existing low energy contamination should have 

little effect on tho results of this experiment. The rate of loss of energy 

in argon is only 5 percent higher for 400 Kev than for 450 Mev protons.

Hence, the effect on tho chamber sensitivity is negligible. Since the
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scattering of protons is relatively insensitive to energy the cross sections 

should not be affected measurably 0

C. Polarisation

Since this beam spirals out of the cyclotron without being scattered 

there ia no reason to racpect it to be polarised. However* vie have checked 

this point by scattering it from a carbon target and measuring the asyntiietry 

of the scattered protons. Under conditions at which a 45 percent polarized 

beam gave an asymnetry of about 25 percent*^ the normal external beam gave 

(0.4 t 0.7) percent. Furthermore, the p-p scattering data reported in 

this paper were taken on both sides of the beam. We thus conclude that 

those results are not subject tc error on account of beam polarization.

D» Intensity heasurement

The method used to monitor the beam intensity was essentially that 

used by Chamberlain et al«A The protons passed through an argon-filled 

ionisation chamber which was very similar to the one used at Berkeley for 

the same purpose. A condenser of 0.1B1 hf capacity was charged by the 

current from the chamber. Tho resulting condenser voltage was measured 

by a d.c. amplifier. The leakage resistance of the system was high enough 

to make loss of charge negligible during the charging time.

The ionization chamber calibration is dependent upon a knowledge of 

tho energy loss of protons in argon and the average isnergy loss per ion 

pair. These we have obtained from Aron et al.^ and Chamberlain et al„^*® 

respectively. In the case of the energy loss per ion pair, we thus include 

the assumption that this quantity does not vary significantly from 345 Jfev 

to 440 Mev.
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XI o Counters and F-lectronics

Scintillation counters were used to detect the scattered protons.

They consisted of stilbene crystals or plastic scintillators viewed through 

short plastic light pipes by RCA 5819 photomultiplier tubes. The tubes 

were well shielded against stray magnetic fields. Signals were developed 

at tho rcultiplior anodes across 100 ohm resistors. These signals were 

transmitted through about 100 feet of 100 ohm coeudal cable, RD7U, 

directly into a crystal diode coincidence circuit.* The pulses were 

clipped to a duration of 2 x 10**9 Q9Q by shorted cables of about 25 cm 

length connected at the coincidence input. The coincidence resolving time 

of the circuit was thus about 4 x 10"' sec. The output pulses frota the 

coincidence circuit were amplified by an Atomic 204-C linear amplifier. Th© 

pulses from tho output of the amplifier discriminator were fed to a standard 

scaler. Coincidence counting rates were always sufficiently low that no 

dead tine corrections were necessary. In order to obtain a pulse height 

spectrum of the coincidence pulses, the amplifier output was fed into a 

24-channol pulse-height analyser vrtdch was gated by the discriminator 

pulseo

III. Experiments Using a CHg Target

The oscperlaental arrangement is shown in Fi/juro 8, Two counters A 

and D were oo located and of such oises tint if counter A detected a proton 

scattered by hydrogen, B would detect the recoil proton. Counter A, which 

thus defined the solid angle, and which normally counted the high energy 

proton, presented to the scattered protons an area of linear dimensions of 

the order of 2 to 3 cm. It was placed at a distance of about 1 motor from 

the target. Counter 13 was larger than A and nearer the target, its slae
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and distance being determined by the requirements of geocaetrj*' with allowance 

ssaade for multiple ocatterinc in tlie target. (B was sufficiently large that 

it would count tho rocoil oven though either proton suffered a deviation 

in any direction of twice the root mean square multiple scattering angle 

calculated for complete traversal of the target.) In most eases the 

adequacy of tho gooraetry ms checked by comparing results with B at 

two different distances.

Coincidence counts will arise from: (a) proton-proton scattering 

events from hydrogen, (b) quasi proton«*proton scatterings from carbon in 

which an incident proton and a proton in the carbon nucleus are involved,

(c) real coincidences which do not originate at the target, (d) accidental 

coincidences. In order to obtain the number of events (a), it is necessary 

to make a determination of (b), (c) and (d)« At each angle it therefore 

becomes necessary to measure the coincidences, for a given number of incident 

protons, with a C% target, a G target and with no target, and to measure 

for each of these the accidental counts. Accidental counts were measured 

by increasing the length of cable connecting one counter to the coincidence 

circuit. The extra lenfjth was such that the time for transmission of a 

pulse along it was equal to tho period of the radio frequency voltage of 

tho cyclotron. Thus the intensity of single counts was the saros as when 

coincidence counting, but no true coincidences could bo counted.

The carbon targets wero chosen to have stopping power approximately 

equal to that of the corrostvjnding CH2 target. Thus, there were more carbon 

atoms per ca^ of target surface than for the CI^ targets. Tne reason for



this) choice vsa to have alnllar coacllticcis for the and C targets for 

ecseroenee of very lens energy recoil protons from carbon»

If we use a CH^ target with a surface density ©f carbon atoxss equal 

to R times the surface density of the atoms in the carbon target, then the 

number of coincidences from hydrogen is given by
H ® (GHg ■» CH^) *» (0 “* Bq) » R f(C - Ca) »(B «• %)|

Her© Gig is the sMabar of coincidences with the GH^ target, CB^ ia the 

nuntjer of accidental coincidences with the GHg target, B and Ba, G and 

Ca are the corresponding quantities for no target and for the carbon target0 

Each of these quantities ia raaasured for tho aane mnber of protons 

traversing the target«

In order to be certain that the discriminator was set low enough to 

trigger on all hydrogen coincidences, pulse height analyses of tho coin­

cidence pulses ware made as described in section II0 A typical eJtmpl© of 

such a pulse height analysis is shown in Figure 9, where the data using a 

carbon target and no target have been appropriately subtracted from the 

GS-Ig data. These data were taken simultaneously with the recording of the 

coincidence counts. We concluded from curves such as this that the equip­

ment was missing a negligible number of the proton-proton events.

It would be possible when making nBasuremsata at small scattering 

angles to count as true proton-proton scatterings the meson in counter & 

and tho proton in counter 01 from the reaction

pop^f^-s-p-s-n

The contribution of such ©vents depends or* the cross section for this reaction
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and on tho angular ©orrelation of the msscn and proton. Because th© rang© 

of the recoil proton when it appears at a large angle is very small eoaparod 

to that of the meson in question, the coincidence counting rate with 0.13 cm 

of copper in front of counter B should be due only to meson-proton coin­

cidences. Such an experiment ms carried out for the 25® ©aster of mass 

asaasumasnt. It was found that th© contribution to the measured scattering 

cross section from the ns son production reaction was (0.5 t 3) percent.

It should also be noted that the counter georastry was always such that no 

©vents of the type p + p ^ d could be counted.

IV, Bxperimsnts Using a Liquid Hydrogen Target

This method was used so that scattering at a smaller angle could bo 

investigated (at center of mss angles less than 25® the lower energy 

proton of the pair has too lew an energy to be counted with certainty) 

and also to provide a check on the work with GH^ targets.

The target is shown in Figure ID. It consisted of a double walled 

container cade of Styrofoam. The liquid hydrogen was held in an inner 

container constructed ©f one mil copper. This copper liner was used to 

prevent th© hydrogen from ccedng in direct contact with the Styrofoam, and 

oo producing thermal strains and, hence, possible cracking of the container; 

also, should a cmok appear in a Styrofoam Joint, the liner retains the 

hydrogen. The target was approximately 10 cm long In th® beam direction.

The hydrogen surface density was about twice that of the container. Warping 

of the copper while the container was being filled resulted in an uncertainty 

of about 5 percent in the surface density of the hydrogen. As a result the 

absolute cross sections obtained using liquid hydrogen have considerably great­

er errors than those fron the C% measureasnts. Thus, only relative cross 

sections are given for the liquid hydrogen data. The absolute value given 

ia obtained only from GHg.
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Three methods were usoci to count protom scattered by tho hydrogens 

1) At 90° and 50° cu acatteririg angle, both seatterd protons wro 

detectod, as with CHgo Here a counter with a 10 x 15 era plastic scintillator 

was used as cotaiter Do 2) For all angles at which neasurements were taken, 

a two counter telescope ms also used (Figure 11) which detected, only the

energy proton of the piir0 Tli© front telescope counter, which defined 

the solid angle, was a stilbene crystal and the back coisiter me of plastic 

and larger than th© front one. At and 50°, this telescope vaa used with 

no absorber between the two counters. 3) At 50° 7.5 cm of coppor, and at 

smller angles 8.8 ca of copper, was Inserted between the two counters of 

the above telescope. This copper stopped all particles accoc?>arying rasoon 

production.

The raeasuroEsonts with no copper between the counters required a 

correction to be made for the mesons produced in some of the proton-proton 

collisions. These corrections were cede on the basis of published cross- 

eections^SQ for the reactions p * p n'> •> d and p+p-» u+>p + n, and 

and were about 5 percent of the measured scattering cross sections.

For tho interpretation of the data taken with copper between the 

counters it was necessary to calibrate the efficiency of the telescope for 

protons of tho energy appropriate to each scattering angle. To determine 

the efficiency,the telescope was put in the direct proton beam at reduced 

intensity. Fig. 12 shows tho experiijsnbal arrangement. The required proton 

energy ms obtained by degrading the beam with absorber. The efficiency 

of the telescope with coppor between the counters was taken as the ratio 

of the telescope counts with copper to the counts with no copper for the
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saraa number of protons incident on the telescope. In order to oonitor the 

protons incident on the telescope a large third counter was placed next 

to the degrading absorber. Incident protons were measured by counting 

coincidences between this third counter and the front telescope counter.

It ms found that the distance between the telescope and the absorber 

used to degrade the beam energy, was large enough to have had no measurable 

effect on the efficiency measurement. Thus the efficiency was sufficiently 

independent of angular spread of the beam and there was a negligible effect 

due to secondaries produced in the degradar. A cheek on the efficiency measure­

ment ms given by the comparison of the results at 50° obtained by th© 

telescope method with those obtained by counting both protons.

Fig, 13 shows the efficiency of the telescope as a function of proton 

energy. These data ware taken immediately before the hydrogen runs. The 

two sets were taken with different counters, one set with sizes 2,5 x 3o5 

m and 10 x 10 cm, th® other with sizes 3,5 x 3«5 <aa and 7,5 ca diameter.

The close agreesaant between these Indicates that counter size relative to 

beam spread is unimportant when the second counter ia large enough,

RESULTS

The results of the CHg experiments are given in Table Z, Errors quoted 

are the standard deviations obtained from the numbers of counts. For all 

angles except 25°, the correction due to the inclusion of the accidentals 

ms one-half of one percent or less. At 25° the correction was less than 

2 percent. Runs for which the times are over 1000 sec for 10^ incident 

protons are those for which the first results were published,^



The results of the data obtained usin/r tho liquid hydrogen target 

are shown 3ii Table lie Absolute values ara not given due to tho uncertainty 

in absolute length of the target* The accidental counts here wore coupletely 

negligible. The several runs at 90° and 50° show satisfactory agreement 

arnong the various methods osed. Ihe background became excessive at c.m0 

angles smaller than about 17° (7o5° lab* angle).

The ratios of tha average cross sections at the various angles reliitivo 

to the average cross section at 90^ for both the CHg and the liquid hydrogen 

data are given in ‘Table III and Fig,, 14. The agreement between the two 

sets of values is satisfactory,

A weighted average for the absolute cross section at 90° ms obtained 

from the data in Table I. It is 3*49 irb/storac! with a standard dexdation of 

0,95 mh/sterac from counting statistics» he estimate a value of 5 percent 

for what might be tensed the standard deviation of this cross section * It 

was obtained from an r.m.s. combination of tho error from counting statistics 

and the estimated errors arising from multiple scattering, effective counter 

area and distance, target composition, angle, and thickness, properties of 

the duC, amplifier system which integrated the ion chamber current, and 

background ionisation in the cham'>erj also included was an estimated imcer-- 

tamty of 2 percent in the value of tho multiplication factor of the ionisation 

chiiriber as given by tho work at F^erkoleye4,6,1?

FroEi the above angular distri’>ution and absolute cross section at 

90“ > we calculate the total cross section for clastic nuclear p=>p scattor- 

ing at this energy to be 23*8 £ 1,2 mb.
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DISCUSSION

As msntionod earlier one of the main features of the angular distri­

bution of proton-proton scattering in the range 150 - 345 Mev is its 

isotropy from 15° to 90° in the c.m. system within the experimental errorse^- 

The present results provide definite indications of a deviation from 

isotropy at 437 Mev in the form of a 20 percent rise in cross section at 

small angles. Uartsler and Siegel22 found similar behaxdor at energies in 

the neighborhood of 430 Mevj at 400 Mev and below their measurements were 

consistent with isotropy.

Our value of 3<>49 * 0.17 mb/star for the absolute cross section at 90° 

is related to the Berkeley values through the ionisation cliaaber calibration. 

Since our value is equal, within the errors, to theirs it appears that the 

cross section is quite constant from 120 Mev to 437 Mev. This conclusion 

is also supported by the results of Marshall, Marshall, and Nodzel.^ It ia 

also of interest that their value for the 90° cross section of 3«42 £ 0.13 

mb/ster, which was obtained by direct counting of the incident flux, agrees 

excellently with our value.

A value of 1.5 mb/sterad for the n-p scattering cross section at 90® 

c.m. and a neutron energy of 4*00 Hev has boon obtained by Hartalor and 

Siegel.23 Unis value together wit!') the present results indicates that the 

inequality

Opr-p (9 a 90®^ Isi 4 %“p " 9bQ)g

discussed in the introduction, is satisfied in the 400 Mev region.
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liable I. Data Using CHg Targets

C.M.
Angle
(deg)

do

(mb/sterad)

Standard
Deviation

(rab/sterad)

Target
Thickness

(g/esa?)

Target
Counter Sizes*

a e

Counter
Distances

(ca)
A B

Counts per !Q9 
Incident Protons 
€% C B

Tim© in
sec for 109 

Incident 
Protons

90 3*33 0.16 a 57.3 a b @5 20 1303 193 0 3000
90 3*38 0.15 3 55.3 c b 65 15 446 142 33 2100
90 3.58 0.17 3 55.0 a b 65 15 706 212 33 2500
so 3*41 0.10 a 57.3 a b 75 20 1736 284 30 3C0O
90» 3*53 0,10 t 70.0 d e 80 30 156 24 6 180
90 3.49 0,18 Y 70,0 d Q 80 30 153 24 2 270
90 3*64 0.31 Y 70*0 d & eo 20 172 a a 1?0

65# 3.62 0,15 3 45.3 e b 75 20 265 52 5 26®)
65# 3*65 0.09 a 45.3 a b 75 20 1590 28? 24 1200
65# 3.77 0.18 3 45.3 a b 75 20 455 118 40 1600
65# 3*42 0.13 a 41.5 a b 100 20 926 389 29 1700
65# 3.63 0.11 a 46.4 a b 75 20 1520 232 11 2800

36# 4*23 0.22 3 31.6 a b 65 20 635 263 192 1000
36 4.02 0.15 Y 60.0 @ b 85 7 303 84 14 3300
36# 4*22 0.17 3 33.9 a b 65 20 432 75 19 2500
36‘a 4*02 0,18 Y 47*0 d a 330 12 139 33 6 250
36 4*06 0.14 Y 47.0 d @ 130 32 131 20 5 240
36 3.92 0.15 Y 47.0 d © 330 18 122 13 5 160

30* 3*96 0.14 r 50.0 d ® 330 15 124 16 5 340 1
30* 4.0? 0.19 • 3 54*5 d 9 130 7.7 209 67 11 170
30 4.00 0.09 Y 54*5 d © 230 15 115 12 2 330
30 4.10 0.13 Y 54.5 d © 130 12 122 17 5 130

25^ 4.48 0.25 Y 60,0 c b 85 5 384 339 29 loeo
25* 4.27 0.13 Y 50.0 d b 230 10 138 20 5 17©
25* 4.36 0.18 Y 50.0 d b 130 7.7 242 26 7 330
* For these results accidental coincidences have been measured and included.
+ The syrabole in this colusn have the following meanings a - 3*57 cm a 3*60 csaj b «» 3.50 ca x 3*52 cm;

e «* 2.59 ca st 3.28 cm; d - 2.06 cm x 3.97 ca;
a — 4*00 ca x 6.00 ea;

// For these runs the defining counter detected th© lower energy proton.
x The symbols in this column have the following meanings s - 0.643 g/cs2 CH2, 0o?w g/®ar C; 3 - O.I64 g/ca^ CHg*

0.223 g/e^ Cj Y** 0.110 g/ca? CH2s 0*127 g/ca? C.



Table XI * lata Using Licjuld Hydrogen Target ♦d

C.M. 
Angle 
(deg.)

Method
<r(9oo)

Error
Telescope 
Absorber 

(s® of copper)
Telescope
Efficiency

Dimensions
of

Defining
Crystal

Distance
of

Isfining 
Crystal 

(ca)

Ratio of
H to Empty 

Target Counting 
Rate

90 Recoil 0.98 0.03 rnm f 283 27
90 Telescope 1.04 0.04 0 1.00 f 283 1.5
90 Recoil 1.00 0.04 — b 300 52
90 Telescope 1.00 0.05 0 1.00 b 300 3

50 Recoil 1.09 0.02 •Mn f 283 28
50 Telescope loll Go03 7.62 0.63 f 283 5
50 Telescope 1.08 0.04 0 1.00 f 283 1.2
50 Recoil 1,11 0.02 — b 300 50
50 Telescope 1.05 0.03 7.62 0.64 b 300 6.9

28 Telescope 1.17 0.05 8.90 0.62 f 283 2,7
28 Telescope 1.14 0.04 8.90 0.62 b 300 3.3

17 Telescope 1.19 0.05 8.90 0.63 f 283 0.75
17 Telescope 1.17 0.05 8.90 0.63 b 300 0.87

♦ The methods in the second column are described in the text.

The errors in the fourth column are standard deviations from counting statistics, including 
efficiency measurements.

In the seventh eolunn f denotes 2.50 cm x 3.47 cmj b denotes 3.50 cm x 3.52 cm.



/?
Table XXX

Final Average Cross Jectiona

C.M. Anglo Statistical
(deg) da/SvW1) Standard

I oviations

17 1.182 0.035

25 1.223 0.023

28 1.156 0,031

30 1.152 0.015

36 1.160 0.010

50 1.094 0.015

65 1.037 0.017

90 1.000 0.014
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Captions for Firm^ee

Pig. 1 Schematic diagram of cyclotron, shield wall, and external beam trajectory,.

Fig. 2 A positive print from an x-ray film picture showing the cross section of the 

proton beam emerging from the collimator. The bright area was formed by the 

beam after emerging from the end of the l/2" by l/2,? precision collimator 

which was 24 inches from the film. The sharp outer edges are the shadow of 

the 1” by ln end-section of the collimator which shielded tha counters froci 

the spray of protons scattered by the walls of the precision collimator. The 

picture indicates the degree of alignment usually achieved.

Fig. 3 P-P coincidence rate versus the angular separation between two counters which 

form equal angles with the incident beam. The width of the peak is largely 

due to the finite sises of the counters. The energy scale shows the expected 

position of the peak for various incident proton energies.

Fig. 4 Apparatus used to observe Cerenkov radiation.

Fig. 5 Intensity of Cerenkov radiation produced by proton beam traversing glass as 

a function of the angle of emission. The beam direction was not imasured 

accurately so that only relative angles are si'mificant. The energy scale 

was computed so as to agree with tho known energy of the beam.

Fig. 6 Counter telescope used to obtain differential range curves.

Fig. 7 F-lfferontial range curves. The copper absorber thickness and the energy 

scale have boon corrected to allow for counter thiefeneases.

Fig. 8 The scattering arrangement used with targets,

Fig, 9 Pulse height distribution of p-p coincidence pulses in a typical run. The 

clscrirdmtor level was set at channel 8 as shown, Tho symbols C,U,B and 

CItj are defined in the text.
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Fin® 10 Cross section of Styrofoan container for liquid hydrogen,, 

f’igo 11 Th® scattering arrangenant used vdth liqvdo hydrogen® For the moasumsents 

at 9CP Come and 50° c«nOJI an additional counter detected tho other proton of 

the scattered pair in coincidence with the front telescope counter» '

Fig® 12 Arrangecent used for neasuring the efficiency of the counter telescope os 

a function of the energy of the detected proton®

Fig® 13 Counter telescope efficiencies. The points marked vdth crosses were taken 

on a different day from those marked with circless ao described in the to;A a 

The various proton energies wo:*® obtained with various thicknesses of the 

copper degrader shown in Figure 12„

Fig. 14 The angular distribution of p-p scattering at 437 Mev. The points narked H 

were measured using a liquid hyurogen target$ th® other points were measured 

using a 01*2 target. The errors are stand rd deviations from counting statin-

tiCSc
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