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'PROTON-PROTON SCATTERING AT 105 MEV AND 75 MEV.*
Robert W. Birge**, Ulrich E. Kruse and Normsn F, Remsey

Harvard‘Universify, Cambridgé, Massachusetts, -

January 31, 1951

I Introduction

-y

The scattering of protons by protons provides an important method
for studying the nature of nuplearAforces,__At low energies, less than
five Mev, the deBroglie wavelength X of a proton is lérge compared to
the range of nuclear forces and the inferaction is effective only in
states of zero orbital angulay mgmentum_(SAstates)° Recent proton-
p;otonQSCattering experiments at energies as high as thirtylMevlwhgvg
failed to show any appreciable contfibution to the cross section froﬁ
higher angularvmohentum states, but it .is necessary to bring in tensor
forces to explain the magnitude of the'obsefved cross sec’c‘ion.2

~ Further experiments now in progress at Berkeley,d in the 350 Mev

%jssisbed by the Joint Program of the ONR and the AEC.
#$low at the Rediation Laborétory, University of California, Berkeléy.>
ly, K. H. Panofsky and F. L. Pillmore, Phys. Rev. 79, 57 (1950) i
= ' Cork, Johnston, and Rlchman, Phys. Rev. 79 71 (1950)
ZR. S. Chrlstlan and- H, P, Noyes, gﬁlif Rev. 79, 85 (1950)‘;

'H.‘Yamauchi, Ph.D. Thesis, Harvard, 1950.

-

30, Chamberlain and C. Wiegand, Phys. Rev. 79, 81 (1950) ;
Chamberlain, Segr%, and Wiegand, Bull. Amer, Phys. Soc. Vol 25¥¥6, J8v‘i'

(1950)
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region, indicate spherical symmetry, but with twice the cross section

that can be explained theoreticsally by the use of central force scattering’

theory. Because of these unusual resu;ts at high energies; the 100 Nev
region is of particular interest. |
The éxperiment described here used'the internal veam of 115 Mev
protons made g#ailable by the operétiopipf_éhe Harvard_95—in§h'fre~
quency-modulated‘oyclotrpn. .A‘ﬁr;ef dé%dription of the equipment and

o v , _ o » o .
some -of the results has already appeéred=, hence thé chiel purpose -

of this paper .is to give in somewhet more detail the techniques used énd

problems encountered in the experiment, -

II Descriptioh of 'EBquipment. R oo » .

A, Targeﬁ

.The internal protqn beam is intercepted by a ten-mil polyethylene,
(CHz)n,’target.andbthe reaoil and scaffered protons in the vertical plane
ére detected in coincidence as in the method of Wilson and Creutz5 and
as in the scattéring‘experiments of Oxley® which use an‘intérﬁai cyélotron
beam. This method effectiveiy eliminates the backgrouﬁd due to pfotons
scattered from the carbon in the target. The polyethylene foil ié
partially melted onto two 0.4 mil.tungsten wires fhat arelsuspended

vertically in a ™C™ shaped frame attached %o & long target probe. The

“R. W. Birge, Phys. Rev. 80, 490 (1950},
®R. R. Wilson end L. C. Creutz, Phys. Rev. 71, 339 (1947).

%. L. Oxley, Phys. Rev. 76, 461 (1949).
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foil may then be easily removed and'its radioactivity measured'in'a'f‘;;.
menner described in section IIIC. - = |

B. Counters | |

The counters used to detect the scattered protons were anthracene

scintillation crystals mounted in slots out in the ends of short pieces.
of lucite. These pieces were. then clamped ‘Yo seven foot 1uc1te rods
that transmitted the light flashes to RLA 5819 photomultiplier tubes
placed in magnetic shields. One counter, used to define the solid angle,fpi'
measured protons scattered at angles frcm 15° to 45° with respect to the'ﬂ

incident beam, while the other, or monitor counter, was much large

and intercepted the recoil protons‘ ;angles from 45o to 75° Figure dv7"
1 shows proton paths for the two limits mentioned while Figure 2 is a
top view for one extreme position. ;_,,- ‘ o : »l

To facilitate the large linear motion necessary for the defining
counter, a ball and sooket joint was designed which provides an - angular .
swing of 60°, It is similar to. 8 design reported elsewhere7. and is madendfiaf.:f;‘
of & nonmagnetic stainless steel ball set in a brass socket with an ”0” g
ring gasket on the circumference to make the vacuum seal.. The monitor
probe has a flexible sylphon Joint and cen be moved through an angle of
about 20° in the horizontal plane. Both probes conSist of stainless __ff'
steel tubes acting_as both 1ight shields and vacuum containers." The
details are shown in Figure 3o In addition to their angular motion the (

probes may be moved in and out, by sliding them through chevron seals, 1

thus it wes p0331b1e to perform the experiment with the scatterer at,40

’

7 0. Retzloff, Rev, Sci. Inst. 20, 324 (1949).
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incheé and SS inches frqm'the center of the cyclotron by suitably mo&ing
~the th?ee probes radially. The_chevron seals are located in a housing
béhind the large Crane valves, and together with the wvalves, they constitute .
a small %acuum lock, ﬁhicﬁ allows rémo%al of the pfobes without affecting
the main cyclotron vacuum éystém, The small locks speedea up the numerous
target cﬁanges necessary in the final runs. Because the concrete shielding
of the cyélotron is only six féet back from the tank, the probes have a
joint pﬁrt way back, which must be disconnected to remove thgm from the
tank. Tﬁis Jjointy liké dthérs:on thé system, employs a standard vacuum
technique,lnamely an “o" ring~gasket between two flanges, but it acts as

a llght-tlght JOlnt. '

The two orobes dlf}er in the follow1ng respects. The defining
counter probe receives only protons from 40 Mev up and these high energy
protons can ea51ly penetrate the wall of the stainless steel tube, vhi@h
is thlnned down to O 016 inch at the end where the crystal is located.
The back end of the probe is bolted down to a rlgld table in = 9051tlon.

hat deéends on the angle to be stud;edf The monitor probe must detect
particles Withﬂeneréiés as low as eight Mev. TQ do this a light—tight
cap with é one‘mil aluminum window is used. The cap is pla#ed over the

end of the probe and has & baffle at the end to allow the 1nterlor to be

pumped out, 31nce the alumlnun could not withstand the vacuum. ‘The vacyuum

sesl is then made inside the probe, about an inch back, by an "0 ring

resting directly on the lucite rod. This arrangement causes some light
loss but the amount is not.appreciéble. The rear end of the probe swivels

on a bail,bearing mounted on a small bench milling machine, firmly bolted -

N
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to the floor. This table can be moved by remote control from the control
fbom of the cyclotfon, Wﬁere selsyn 1nd1ca£or§ are also‘locéféd;v In thls’
manner the large monltor crystal may be moved inside the tank untll the
cenﬁef‘of a 001ncldence countlng rate pléteauvlélreachéd..

A great many precautlons were Laken to 1nsure that as much llght as

'poss1ble could reach the phototubes. Advantage was taken of the fact

that when the dlameter of the lu01te rod increases along the 11ght path
the llght rays tena %0 stralghten out ”hls effect not only cuts down
the number of reflections but allows thelliéhf to go’s ralght 1nto Lhe
phototube rather uhan to be ooruyec out tanhent télthe end surfaoe. The
\rystal hiolders were roun&ed off around the p01nt whére the cr?stal was
set, andbweré eovered w1tﬂ alumlnum f01l Lo aét as a réfiector for ilghﬁl_
startlng out s1déways. It was found that merely buttlng flat cnds of
lucite toéether mdde as ﬂood a JOlnt as much more compllcdted connectlons.p
The entlre setup when tested‘on the bénch ap;eared to attenuate fhe | |
pulses by a factor of about two. A prev1oﬁs setup;.whlchuuéed éxtfuéed

rather than cast luc1te, gave an attenuatlon factor of ten._ Such an -

'attenuatlon Would have made the experlment 1m90381ble since luc1te 1tself

501nt111atps very Weakly and Y— rayé or othe; radlat;on, wheﬁ strlklng o
the 1uc1fe near the phototube, would hafe swaﬁped the true 31gnal. A
small amo;ﬁt of‘ anada'balsambwasvused to make optlcal coﬁtéct bétwéen
the crys%a& and the lu01te in the detector probe. In the ménlfor probe,
where the crystal is in the vacuum system, the baISdm b011ed out.. To

avoid +this dlfflcultyﬁthe,grystal was.fastened'w1th Duco cement~and

optical contact was made With mineral'Qi;.l“The-Duco,éement,itself“had,.
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veryvpoor optical propertles when dried ano hehce'could be used only around
the edgeso‘: o .' | | |
With tue afrangement descrlbed and because the llvhs flashes from
high energy protons in anthracene are qu1te large, 1t was poss1ble to.
operate the phototubes at such a level that no apprec1able thermal noise
was coupted. With the ampllflers set at twice the galn normally used
four slﬁéle channel counts per mluute We;ebyeeo?ded w1th the oyclotron
runnlhg Eus:with'no auphfeoeue c;ystel in place. o |
Co'(Amplifying ena Countlhg Systemn |
_ The pulses from the photomultlpller tubes went Airectly to cathode
followers, each of whlch fed 250 feet of RG 62/U cable termlnated in 1ts
charaoterlstlc 1mpedance of 95 ohms. The lengths of the two llnes were |
compared by observ1ng reflections of fast pulses on the scope.‘ The
dlfference was found to be less than O 0Ol p secondo This flgure‘was
certalnly satl factory since a c01nc1dence resoIV1ng time of O. 2 u second
was used.l The pulses were next ampllfled by means of commerclal versions
of the Jordan-Bell llnear ampllfler8 and were fed from dlscrlmlnators
in the oo1nc1dence circult,9 and then 1nto a soaler.lvTﬁe scalers eud
amplifiers were built by the Atomio IustrumentvCo;,_Cembridge; Mess.fu
Amplifiers.used with a pulsed beaﬁ.suoh as is present.invan’f-m
cyclotron, sharplj limit the p0381b1e ~counting rates unless the dead tlme

1s a. small fractlon of the burst tlme. The 1nd1v1dual bursts on the

8 W, H. Jordan and P. R. Bell, Rev. Scl. Inst. 18, 703 (1947)

° Howland, Schroeder, and Shipman, Jr, Rev. Sci. Inst 18, 551 (1947)

a



UCRL-1097

Harvard cyclotron lasted about 250 u seconds and hence the ampllflers were
modlfled to cut the dead time. to about l u second, and further changes cut
the rise time .o about 0.1 i second 10 Crystal dlodes were inserted ‘
within one of the feedback 1oops to prevent double pu181ng when the‘
amplifiers were overloaded.ll
D. Solid Angles

Tﬁe soattered_protohs leaving the terget_travel oe ho;ices to reach
the copntefe,. The radius of aey given helix‘dependejfor two reasons on
‘the angle‘that the-particie trajectory makes With the horizontal plane.
First, fhe momentum of the particle depende on fhe scattering ahgle_apd _
secon&, oﬁly the component of momentumiperpendioular to the magnetio\
field is.effected byvthe'field. When ﬁhe'paroioies scatteped in the
vertical plane reach”the top ofvbottom“of the hegnet gap tﬁey will have
moved inwara radially froﬁ fhe ineident prooon orbit because of their ‘
smaller momentum end angle w1th respect to the fleld. It turns out that
the distance they have gone in is very small (about 1/4 inch out of 40
inches original radius) and very nearly constent for all scattering
angles. For all positions studiedft was also neceseafy to\calculate
the angle in the horlzontal plane at whlch the protons strlke the probe,
in order that the crystals could be set peroendlcular to the scattored
proton directlon. A Ilrst approx1mat10n to the solid angle of the defining

counter is then Just the orystal ares d1v1ded by the square of the

dlstance traversed. Beoause of the focussing action of the megnetic. field,

10

D, Bodansky, Ph.D. Thesis, Harvard, 1950, -

11w, ¢. cross, Phys. Rev. 78, 185 (1950).
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a small correctlon amountlng to a few percent must be made to the SOlld

angle thus calculuted° The correctlon is just 31n V?Qymmereﬂyls the

angular dlstance that the proton travelo around the hellx.

III Experimental Procedures and Equipment Performence.
!

A, 'Alignment of Apparatus

;ﬁﬁfh tﬁeleyclofroh‘fuﬁniﬁg,FcurvesIWere plotted:of tﬂe;coiheiéenee
rate veréﬁéimeﬁiﬂo; ﬁesifion“ﬁermalized to the singieg'rate‘in thel
definihg”eoeﬁteroz Abplaﬁeau”ié ebtainedﬁih these curves, as is shown
in Fiéhfe'é if thebhoni£6r efye£a1 is:seffieienﬁly iarge.;QTheTéerceet'b
coincidence eeﬁnts'toieiﬂgie channel counts for four minute runs are
plotted. Acciéent&i.ceﬁnts‘he%e been:suﬁt;acted eetvfdr eaeﬁjpeiﬁf.

The céﬁntingirate at the top'o£ the.plefeeﬁ wae thfee:ceunts per.second.
for coiﬁeidences; abeﬁt fiffeen countsvpefméecond ig.therdefiﬁing
counter and 150 counts per eecond in fhe monitor. With a repetltlon
rate of lOO per second, these flgures 1mply one to two monltor counts per.
bursto |

Aftef the counters were set in the co;;ecﬁbﬁositions as deterﬁined
by the‘eoincidenee piaﬁeeus; it ﬁés heéessar& fo retafe the defining
crystal about the axis of that probe, to check. for mlsallpnment. This
procedure was espe01ally necessary if the crystals were long and thln
since the’side of the‘crystal rapidly“oresénﬁed a very large area ﬁe the

beams w1th only a small rotation. Plottlng 001n01den"es ag 1nst rotatlon;'

now normalized to the monitor single chenpeljrate,vone found a minimum .-

and this was the correct position. When the crystal was very short, as
. o C v",,,. . " r T

o \ e A i
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in the llnal runs, the rate dld not rlse rapldly w1th rotatlon and the
mlhlmum we.s. ahallow and broad .

| One further check of the aobaratus-coneluted of taklng‘ourves of
001nc1denoe rate versus aﬁpllfler galn.‘ One obtalned flat galn curves
down to a pOLnt mhere they eut off shurply. Thls result is not
unoxpected umce the cathode follower llmlted the pulue Helmhts.‘ ﬁow;‘
ever, to really check the pulse helght dlstrlbution, the follow1ng |

experlment was performed. A thln, l/@-lnoh monltor crystal was built

-and run at a position such that seventy liev protons would reach it. The

counted oolnoidenee protons“oeneﬁrated the crystal squarely, losing
about flre Mev since th monltor.was set 15 the mlddle of a plateau.
Then the voltage on the pho ofebe wae lowered untll the ca node follower
was no longer llmltlng the pulse helght.— In thls menner thetcurve

shown in Flgure 5 was obtalned The dlfferentlal pulse hclwht distribu-~

- tion taLen from these data has a Nldth of about 25 percent, mhioh‘ﬁas,

considered eatlsfactory 15 v1ew of the complicated optical system. It
wes neces;arg'to.ruﬁ gein curves forvboth tﬁe monltor aﬁd defining crystsls
at each angle studled since the partlcles lost dlfferent amounts of
energy'lﬁ the crystal at each p051t10n.

B. Bac#groune and Aecideotal Coincidences..

vInvapyidouble coincidence setup there are bound to be accidental
coino;denéés due:to the flnite resolving time of the“eoineidenee.oircuit.
In toeisetup used, most of the eingle‘ohannel;rate consisted of protons
scatfered.from thetoarbon in the.target. :When the oounters are moved out

of line, no true coincidences should be counted and the remaining rate
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must be due to accidenfai'coincidences;ﬁ On fhe otﬁei hand, when:one;f*
chennel is delayed with respect to the other, a measure of the a001deﬁ£51'
coincidence rate is also obtalned, since the partlcles arrive randomly
in time, ThlS ‘statement 1s ffue, of course, only if ohe delay tlme,r
2 seconds, is shoro compared to the burst tlme, 250 18 seconds, and 1f
the resolv1ng tlme, 0e2 [ second, is large‘compared to the time of' |
revolution of the partlcles, O 05 p second.a An os01lloscope wss.osed
to deteot any posszble flne structure in the beam thst mlght cause dead
spots to appear two W seconds after any glven pulse. There apgeared to
be as many pulses in that region as anyWhere else in the bursf. With

he counting fe%es ﬁséd, ecoidentailcoinoidences usua1ly amoonted to

oﬁly one peroegﬁfof £he‘truebooiﬁoidenees buf.oooasionelly the accidental
rate was aslﬁigh-as ten'pefceot. It”isjo;efefabie to use a delayed |
001n01dence rate”as a measure of a001aentals rather than to count a
background later with the counfers out_of line. The reasoo is sﬁat
accidentals are.pfoportionaivto‘ﬁhe souére of the beam intensity for
| double'ooincidence measurements, and if tﬁe intehsity of‘tﬁe beeam
happened to be”aooble‘during.fhe Backgfouno fun, fwice as ﬁany aociden-
tals would be recorded per unit beam corrent as should be reoorded.
However, it was sometimes apparent that when £He intensity wes lowef thaﬁ
usuai,vspafks were occuring in the. tank, outting out entire f-m bursts.
In this case, the accidental rate was proporfionel to the beam intehsity,
As a further check, for one angle. of soattering'(45°),.the ﬁolyethyiene
scatterer was replaced by a carbon'soatterer'sesen mils thick. The

coincidénce counts observed in this case wére only one percent of the
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coincidence counts obtained for the same activity of the carbon but with
a polyethylene scattenez and were eoproximatel; equal to‘the acc1denta1 _
counts determlned by the delayed 001nc1dence rate. o | |

In addltlon to the background Just dlsoussed both probes contlnued
countlng at a reduced rate when the 030111ator was turned off. Thls |
effect was due to the intense radloact1v1ty.present in the cyclotron
tank. Theoretloally one can dlscrlmlnate by pulse height agalnst the
pulses from electrons, but the galns were set sufflolently hlgh to be
sure ‘of gettlng unusuallJ small proton'onises and hence some electrons_
were oounted. Slnoe these oounts were not bunched in tlme, in contrast
to the oyclotron beam, they did not contrlbute appreolebly to the .
acoldental 001ncldenoe rate. | o | |

C. Beam Current Monitoriné.
When carbon is bombarded by hlgh eneréy protons, the only act1v1ty

formed to any extent is the 20 5 mlnute pos1tron decay of Cll -In

order, therefore to measure the beam current 1t is necessary to know

 the ratio of the number of activated 011 atoms in the foil'to the total

number of aﬁome; eno aleo fo‘knon thevcross section for the formation
of ¢ll by the (p,pn) reaotlon. However, the proton-proton soatterlng
Cross seotlon is obtalned in ﬁerms of the Cll cross sectlon without |
going bhrongh the 1ntermed1ate process of flndlng.the actual beam current.‘
The total number of atoms in the f01l need not be known, but only the
ratio of carbon to hydrogen. -
In order to find the total numher of,activated carbon atoms,_the

taréet is removed and ‘the Cll activity counted‘by a thin end window,
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1.5 mg/cm2 G—M counter. ‘Abclose approx1mat1on to the numberﬂof actlve _
carbon atoms that would have been present had none decajed is then | j
obtalned by extrapolatlng the act1v1tv back to half bombardment tlme andl‘
d1v1d1ng by the decav constant/\ The‘ error in this procedure is less
than one percent for a flve mlnute bombardnent of a 20 V mlnute half-
llfevmaterlalo Before each run, the plateau level of.the G-M counter
wasicheckediudth a uranlum.standard. -The level was found to fluctuate
as much as fourvgpercentlfrom onelweek*to the next; even though-the
slope uas onl& one percent per lOO volts.vlThevdead thne‘of‘the counter
was measured to be 110 9 seconds, by countlng two samples together and
separately assunlng ntrue" nobs(l + nobsTw) The flnal data for the
105 Mev points were all taken with the same counter.

To flnd the order of magnltude of the proton;proton scatterlng

ross sectlon,va rough callbratlon of the G-M counter efflclency Was’
made. The best way to evaluate the effectlveAsolld angle, self- absorb-
tion,rbackscattering and.other.factorsiis to measure a hnoun‘source. _It
is necessary.to uselausource With thehsane properties as the one for- |
whlch the G-M counter is to.be-callbrated_ To do thls, the absolute
act1v1ty of Cll in polyethylene foll was measured w1th sc1ntlllatlon
counters, u81ng the method of B-Y 001ncldence countlng. In this method
the eff1c1enc1es of the 301nt111at10n counters do not enter the flnal
expression for the absolute activity.. | | |

Thus,

The number of B counts Nﬁ No'fg,

[t}

The number of Y counts Ny No€ v,



A
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The number of 001nc1dences Nﬁ'f = qu 5,67"
g1v1ng N . ﬁ NY - U
'NpY :

Whereé ﬁ. arllde‘Yare the overall ei‘flcler.lco.es for c,ountlng ﬁ s and Y' |
respectlvely, and No is the absolute act1v1ty.: C11 decays by emlttlng 8
p031tron,'and therefore the source wesbplaced in a small alumlnum
capsule stopplng all the posltrons. The annlhllatlon Y-rays all appeared
then to come from the same place. A small sc1nt]11at10n crystal was |
placed in one s1de of the capsule, which effectlvely.counted only the
g-rays, whlle.outslde the capsule there was a very 1apge crystal countlng‘
the Y-rays. Aet1v1ty neasureﬁents wepe made altornately'w1th thls‘setupb
and w1th the G-M counter. In this Wdy the overall efflclenoy of the G-M
oounter was determlned to be 1/10 5 for ten-mll polyethylene f01ls. |
With flve-mll foils the number was 1/9 5 and mth 80-mil foils 1/14 3. |
The fact that the ratlo 9.5 to 10. 5 was correct was verlfled by oountlng
two flve~m11 foils flrst on too of one another ane then along31de. The
ratlo measured in’thls way ehecked the prevsous ratlo to better than one
percent, but the absolute efflclency way be 1ncorrec£ by twenty‘percent | o
due to systematlc‘errors.l ) | |

VCafe was teken to ellminaﬁe”eertein errors, iﬁ the‘folloﬁingvmanner.

The amplifiers and scalers were similar to those used for the scattering

ekperiment. In this situstion, however, it was ﬂeeessary that all
pulses being counted as single channel counts should also trigger the
»ooincidenoe‘eircuit, if & true coincidence had occurred, Over a very

small renge, one volt for the discriminators used here, the output
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pulses were smaller than standafd sizelend aodld nos tfdgger fhe 001n- '
cidence clrcult. In order to ellmlnate this effect the pulses were fed
into a Seoond diserlmlpator in series W;thvthe first and then_dlrectly‘_
to a scalef aad siﬁultaoeously“todfhe oodpcddence circuit. Thisdarraagee
ment”reddced éﬁe.losses'to lessvthaavoae'percent efen ﬁhed oounting : |
phototube noise tpat waskbarely f1r1ng the.flrst dlscrlmlnator.
-ﬁ;l Dee Flaps and Cllpper. | |

When the cyclotron was runnlng at full 1ntens1ty the average beam -
currentkwas somewhat more than O.l B ampere° Since the scatterlng |
experlﬁent needed.a current of only 10 -11 ampere or less, fhree thlngs
were done fo out down the beam. blrst. the ion source fllament and
hydrogen supply were cut off. Actually,.in the final arrangement the
source was left on buf hellum.was used 1nstead of hvdrogen to maintain
the arc, as ﬁ111 be explalneddln the next seotlon,v Second, ad3ustab1e<
flapslfhat extended out about’flfteen 1ncaes from the tank oenter were
1nstalled on’ the dummy dee.‘ They reduced the dee gap to about 1/@ inch.
Since the beam osc111ates vertlcally about the central olane, it was
~necessary to use only one flap to control the 1atens¥ty. Thlrd, a l/%
inch beam helght cllpper placed part way around Lhe tank from the target
cut down the 1nten51ty and in partlcular 1ncreased aopre01ably the
001nc1dence to sdngle channel rate.‘ The ellpper performed another
1mportant functlon in that\lt cut down the p0851b111ty that the beam
would make multlple traversals of the targetq. A calculatlon of the

multlple scatterlng showed that the protons Would hit the cllpper after

one or two traversals of the target.
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E. Beam Energy

When a cyclotfon.is ocefated'with.tte ion soufce shut off bofotons‘
may be formed anvwhere w1th1n the vacuum tank. As a result protons ”
may reach the target that started qulte far of f center. Slnce the-
magnetlc fleld tapers of w1th 1ncrea31ng radlus, the orbit of soch
8 proton precesses rapldly. Hence no matter where the proton orlg;n-
ates, if 1t starts off center it arrives at the target early and Wlthﬁi
too lowran energy. Thls dlfflcultybmaanested 1tself in many‘ways lﬁ |
this'ekperiment. Flrst, the burst as viewed on a scope trlggered bt aﬁ'
fem recelver dfrlved too early 1n'thevf-m cycle;; Second the plateaub
p051tlons d1d not agree clth those orev1ously calculated, lndlcatan
the low energy partlcles cerevstrlklng the target and belng bent too
far in the magnetlc fleld before reachlng the crystals. B o

To cure the trouble, hellum was. used to sustaln the arc. The .

bean 1ntens1ty was now-somewhat hlgher than 1t was - w1th no - 1on source.

It was then possible to adjust the flaps agaln so that the 1nten31tJ

of particles that came from places other than the ion source was only
ten percent 5f that dus to the socfce. In this Waylﬁost of:tﬁe)rﬂ |
particlesbwere'caused to come from the correct plACe and at tﬁegcof}ect
time, When the ion source was tﬁﬁs osed, it was:still.bosslclectc make
the protohs reach the targetftco eerlyAbyefiriné=t£eAarc'1até. In fact
if the arc was fired 100 ¥ seconds after the optlmum acceptance tlme,‘
the burst would appear 250 [ seconds earlye. The total acceleratlon tlme

was lGOO’p seconds. Slmwlar results have been cbtalned at Bcrkelcy1~ butv.

12 Henrich, Sewell, and Vale, Rev. Sci. Inst. 393'887 (1949).
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of much smaller tlme naénltude. These 1nvest1gators explalned the
phenomenon on the basis" of phase osclllatlons. Pertloles that started
late and out of fhase osclllate about the synchronous orblt and may
arrlve at the target ahead in nhase. Thls type of os0111at10n does not
change the energy Wlth whlch a partlcle arrlves at the target whereas
radlal osclllatlons do.v A. |

A separate experlment has been performed by N Bloembergen‘and Po
van’ Heerden13 to determlne the energy dlstrlbutlon at 35 1nches w1th ‘the
cyclotron in . operatlon for proton-proton scatterlng as explalned above.
A half w1dth of seven Mev and a mean.energy of 75 Mev was observed.A The
energy calculated fromvthe magnetlc fleld and radlus at the target was
85 Mev._ The half w1dth at 40 1nches was 805 Meva1#h a mean energy of
105 Mev;"No importanceé is to be attributed to the difference‘hetween
the halffwldths since the measurement at 105 Met was observed under
different:ooeratlng conditlons;‘ R | |

F. Cross Flre;

The crystals were orlglnally cut about 1/2 inch to 3/4 inch thlck

in the dlrectlon that the protons traversed, and about l/% inch by 1/4

PR

inch in cross sectlon. Under these condltlons 1t was found that an
appreciable number of partlcles ertered the s1des of the crystal rather
than pass1ng stralght through from front to back.. As a result the mon-

1tor crystal ‘was too small to count all the r6001l protons and true

plateaus were.not obtalned, The effect Was apparent only for the small

13 w, BlOembergen‘and P, van Heerden,_Private Qommunicationa‘
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w scatterlng angles where the protons had to traverse & large arc before

reachlng the deflnlng orystal.‘ To counteract this trouble, the deflnlng
crystals were cut down to l/é 1nch thlok. Satlsfactory pulse heights \
could still be obtalned with this thlckness, and the cross flre was -
eliminated exoept in the case of extremely small angles. The results

given 1n the last section do not 1nclude these small angle p01nts.

G. Final Procedure.
The complete procedure for each point was as follows, About one day
was spent. lining up the monitor counter, running gein curves and rotation

curves. Then after the target was withdrawn, a new target was placed in

’the vacuum lock and pumped on.'. After the gate to the tank was opened,_

the cyclotron was warmed up egain for e fewvminutes._ Any activity
produced onvthevtarget_while in the lock was too small to be’ﬁeasuredg
During this time the standard source was being counted in>the G~-M oounter.n
Then the new target was let in. It was now necessary to start the
counters, turn on the oscillator, run five minutes, turn”off the-OScill-
ator and turn off the counters. Special care was taken to get the dee
volts up rapldly without breakdown and resultant loss . in 1nten51ty, |
since the extrapolatlon procedure in countlng the target foils assumed -
a uniform bombardment. The target was then withdrawn and the activity

counted for two three-minute  intervals. For each.angle two and some=

times four foils were successively bombarded.

v Results end Conclus1ons _ , ‘
Table P glves typlcal deite obtalned for the'§‘- 45° point.‘-ﬁn

explanatlon oﬁbthe headlngs is as follows. Time of count refers to the

'/,

o
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1nterva1 from the start of the bonbardment to the center of the three
minute 1nterval durlng whlch the target act1v1ty was counted. The

' corrected countlng rate has- had che G-NM counter background subtracted
and the dead tlme losses‘allowed for._ fhe follow1ng procedure 1;1
employed to obtaln N;, the total number of Cll atoms formed during the
‘bombardmentg The two determlnatlons of the act1v1ty are extrapolated
back to halfmbombardment tlme and averaged d1v1ded by )\ the decay
constant ,multlplled by the approorlate geometrlcal factor ‘for the G=M
counter (whlch depenas on the f01l thlckness used),_and nornallzed to
the standard G-M plateau lerel.' The true number of oroton-proton
001n01dences,’ pé,'ls the dlfference betneen the number of counfs in

the prompt 001n01dence ohannel and 1n the delayed COIHC&denCe channel.

Th

@

dlfferentlal Cross. sectlon in the laboratory system.ls then given
by, ' . . . N . B
49  Np .o

d-- e WeE

The factor two ind the denonlnator arises from the fact that there
are two hydrogen atoms for each carbdn atom in polyethy .ene,

Seventy mllllbarns at 105 Mev and 8l mllllbarns at 75 Mevl? were
used for the cross section of the formatlon of C1l to establish an
absolute basis for-the value of 'é&f&,l'The differential scattering

Cross section in the'oenter of mass'syetem,l d5<9 plotted in Figure 6,

14 W. W Chupp and E, M, MbMillan, Phys. Rev° 72, 873 (1947)

E. M. McMillan and R, D. Miller, Phys. Rev°_73 80 (1948)
Aamodt Peterson, and Phllllps, Physo Rch 78, 87A (1950) and UCRL-526.

wo Vo
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was obtained from the laboratory cross sections by multiplyingxby
sin§d§___ 1 (1 - p2 cos? § )2
'sin¢d4> 4003@’ '1;ﬁ'2 c

which is the relativistic Eransformation of solid énglés. 'Capitalvlettefs

indicate the laboratory system, small letters the center of mass system.**
The center of mass angles.ére related ﬁo the iaﬁbratory angles‘by the

relation _
-tan@ = (1 - 52)1/2 tan ¢’/z

The cross section for ‘esch angle is the re's“ult'i obtained by statis-
tically weighting the individual runs at that anglé;  The Valﬁeéfafe giﬁén.
with their stendard deviations in Teble 2. In all runs at a given value
of §t’he same defining solid angle was used for;’éhe final .data. It wavs”‘
therefore merely necessary to add uﬁ‘ﬁhe$COinoidence protons that
resulted from all the runs and to di&ide.by the.total number of Clllatoms
formed. The percent efror in the measurement of the carbon activity was
small compared to the error in the number of coincidence protons and it
will be neglected. The resultanf standard deviation in the ratio is
then just th; square root of the total pfoton counts; divided by the
- total activity.

The differentigl scattering cross section in the center of mass
system, 25{ appears'té be conétant_within the statistidal deviation

dws

over the runge of angles measured. The absolute magnitude of the 105

Mev cross section, 5.6 millibarns, differs somewhat from the value of

[ ]

** The symbols follow the convention established by Hedley, et al,

Phys. Rev. 75, 351 (1949),‘in their n-p scattering experiment.
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four millibarns obtéined recehtijuatrBérkeley forleO Mev prdtons;3 As
was mentloned earller, this dlfference may be due to the callbratlon
procedure for the G-M counter and also to ‘the uncertalnty in. the ecross
sectlon for the formatlon of C11 The absolute cross section may be

in e}ror 5y as ppch as 20 pefcenﬁ:wh;le.ﬁheirelgt;ve»diffegent1g1 ¢r9ss
sections ‘should be good to bebter than 10 percent. Tt is hoped that
experiments now underIWgy gtgHatvard Wiil éetermine thé carbon cross
section more accurately and hence simﬁltaﬁeﬁusly ﬁhe”protonfprpton cross
section. Preparations are'also now being made ét'ngvard for pr9t§ﬁ-
proton scabﬁer}ng,ezperimeﬁts with an external beam. These experiments
shoul@uultimatél&ﬂbe of muéb'highg: prebision,'particularly on absolute 

cross section, than those so far reported. .

Information D1v1810n '
2=5=51  bb
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"TABLE I
Typical Data For §.= 459,
Solid angle of defining counterd.n = 6,70 x 10-4
Correction to solid angle Y/ siny= 1,013
Dead time of G-M counter P= = 110 y seconds
~ Relativity correction to 1/4 cos § = 1.000

Time of Corrected Rate . Foil- No/64 Coincidenée

Run count 3 minutes x 64 Thickness Counts Background N__ de/dn
' ' : : PP W
noe . g(c")
1la 11.0 . 207 , - 1o , -
' A : ' 10 mils 28400 545 . ‘ 535 0,216
b - 14,5 182 '
28, 11.0 198 o ’ o ' ’
‘ 5 mils 24500 495 6 489 0,229
2b 14.5 173
Sa 10.5 220 5 mils 26600 547 5 542  0.234
3b 14,0 189
4a 11.0 354 ' '
10 mils 48200 949 17 932  0.222

4b 14,5 308

&
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TABLE II

Date plotted in Figure 6

250
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400

450

3 200 300 . 350
105 Mev _ , .
$ . 410 gt 510 19' . 61° 30! 710 411 810 421 910 421
.75 Mev
¢ 4007481 .| 500 50¢ 600 56! 710 g 81° 8' | 910 8!
do’(9) | _ ' ' ‘
= 612 # 0.15[6.61 + 0.11 | 6.45 + 0.1] | 6.35 % 0,18 | 6.78 % 0.136.48+0.11
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~ FIGURE CAPTIONS

Side view showing spattering geometry. Paths‘drawn as straight
lines are actually sections of helices.

Plan view of cyclotron tank showing target, monitor, and defining
counter probes. ’

Photograph of experimental setup. The vacuum cap has=been

removed from the monitor probe showing the anthracene crystal.

The upper probé is the defining counter and the ball and socket

joint through which it passes may be seen mounted in the tank
wall,

Plot of coincidence rate versus monitor position normalized to
the single channel rate in the defining counter., The plateaus
in'these curves indicate that all the protons are being‘countéd.
Plot of coincidence rate versus monitor amplifier gain normalized
to the single chanﬁel rate in the defining éounter.' The monitdr
single channel rate is\also shown for comparison but on a scale

smaller by a factor of 50,

" Proton-proton differential scattering cross sections at 105 Mev

,(§') and at 75 Mev (i ) versus scattering angle in the center-of-

mass system. AAbsolﬁte values based on.the (12 (p,pn) cll cross
section equal to 70 and 8l mb respectively. The staﬁdard
deviations shown are due.only to the statistical fluctuations in

the number of protons counted.
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