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PROTON-PROTON SCATTERING AT 105 MEV AND 75 MEV.*
Robert W. Birge**; Uﬁrich E. Kruse and Normsn F. Ramsey

Harvard Universﬁty, Combridge, Massachusetts,

- Jenuary 31, 1951

ih

I Introduction

i

The scattering of protons by protons provides an important method

for studying. the nature of nuclear forces. 4t low energies, less than

" five Mev, the deBroglie wavélength k of a proton is large compared to

the range of nuciear forceéﬁénd the interaction is effective only in
states of zero orbital angu?#r momentum (S states). Recent proton-
proton scattering expe:imeng; at energies as high as thirty Mevl have
failed to show any apprecia&ﬁe contribution to the cross section from

higher angular moméntum states, but it is necessary to.bring in tensor:

forces to explain the magnltude of the observed cross section.?2

Further experlments now in progress at Berkeley,3 in the 350 Mev

]
[

*Ass1sted by the J01nt Program of the OFR and the AE
\, C “
**¥Now at the Qadlatlon Laboratory, Unlveralty of Celifornia, Berkeley.
01

lw. k. H. Panofsky land F. L.| Fillmore, Phys. Rev. 79, 57 (1950)
[
Cork, dJohnston, and Rlcnman[ ths. Rev. 79 71 (1950).

2R, S. Christian and H. P. Doyes, Phys. Rev. 79 85 (1950)

I
Y

He. Yamauchl, Ph. D Lhe51s, Harvard 1950.

30. Chamberlain and c. Viegand Phys. Rev. 79 81 (1950) ;

*¢6 J8

Chamberlain, oegre, and ﬂlegand Bull, Amer. Phys. Soc. Vol 25

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

i e &

that can be explained theorsticell the use of central force scatbtering

theory. Because of these unusﬁal.results at hi{h energies, the 106»Mev‘
region is of particular interest,

The experiment described here used the intefnal béam_of'IIS Hev
protons made available by the opcrutnon of the Harvard 95-inch. fre
quency-modulated cyclotfoﬁ.r‘ﬂ ﬁrief dcugrlo,lon of 1ho equipment and

some of the results has already appesred?®, hence the chief purpose’

of ‘this~paperiisg to give in édmé@haﬁ*moré detsil the & cha14ueo used and

pro )16:':0 encountered in the expe 111"1’1(“

.

II Description of Zquipment,

FE

A.

arget
The 'internal proton beam is inbtercepted by 'a ten-mil polye unylene,
(CHp )y, target and The recoil and scatbered prétoné in the vertical plane

are detected in coincidence as in the method‘of Wilson and Creutz® and

as in the “scattering ezperimen%s of O“le,v6 whiéh use an’ 1ni rnﬂl cyclotron

beam. - This method effectively elly nates the bdckyfouni due to protons

»

scattered?from_the carbon in‘the target. The polyethylene foil is

»

partiallybmelbrd ot tvO O.: mil Lun rsten w'reu thet are suspended

vertically in a "C" shaped frome aLtdohed td‘& 1ong target. probe. The

.

4R, W. Birge, Phys. Rev. 80, 490" (1950},

= . . . 4 R ‘_ ' . . . o
53. R. Wilson snd B. Cs Creubz, Fhys. Reve 71,0 339-(1947), = - =+ o " ¢

3 S . . . - V
} o b

. L. Oxley, Phys. Rev. 76, 461 (1949), s r
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foil may then be easily removed and its radidactivity’mgasured ih a
manner described in secfion‘IIIC. | -
B. Counters

The‘counteré\used to detéct the scattérgd protons were anthracehe"
scintillation crystals mounted in slots cut in the éﬁdéiof short pieces
of lucite. Tﬁeée pieces were then clamped to sevénufoot lucifé fods-
that transmitted the light flashes to RCA 5819-photomultipliér‘tubés:»
placed in magnetié shields. One coﬁntér, used to define thé{gﬁlid-angle,
measured protons scattered a£ angles‘from 15° to 456 wifh ieséect:to the.
incidén% béaﬁ, whilé the other? or ﬁonitor counter, wa; mgcp 1grgef4
and infé}cepted the recoil prpfbns‘ét angles’from'456:£6 75°:ijigdfé
1 shows proton paths for the two limits mentioned,-while.Figufe-Z is a
top»view for one e#tféme position. | | |

To facilitate fﬁe largé linear motion neceséary for‘the»defining
counter, a ball gﬁﬁ socket joint ﬁas designed, which>pr6§idé§'an angﬁlér
swing of GOd.' It is similaf to & desigﬁ reported elsewﬁéfe7, and is made

'

of a nonmegnetic stainless steel ball set in a brass socket with an "O"

i

3 4 .
ring gasket om thel circumference to mske the vacuum seal, The monitor
. i ‘ .

i
1 i

probe has a fiexib;e sylphoﬁ joint and can be moved through.annangle of
. i . ‘ .
about 20° in the hbrizontaljplane. Both probes consist of stainless

steel tubes actingfas both light shields and vacuum containers. The

details are shown ﬁn FigurefS. In addition to their éﬂgular motion the

probes may be moveé in and Sut, by sliding them fhrough chevron seals, .

thus it was possibﬁe to berfarm the experimént with the scatterer at 40

v

7 0. Retzloff, Rev. Sci. Inst., 20, 324 (1949).
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1nohes ana 35 1noheu from fhe oenber of the oyc10uron bv cUltably mov1ﬂg
the three orobe radially.. The chevron seals are located in a hov51ng
behind the large Crane valveu, end together w1+h +he valves, they oonstltute Ca B

a small vaouum,lock, Nthh dllOWS removal .of the probes w1thout affectlng

[}

the-maln cyclo#;on.vaouum system. 1he small looks speeded up the numerous
target chéﬁges ﬁeoeesary in‘tﬁe floel runs.‘ Beceuse the concrete shleldlng : -
of the ovclotron is only six foet ba ck from the tank the orobes have a
JOlno part wa;;beck, which most be dlsoonnected to remove them from'the
tank.. Thlu 301nt llke othefe on the svstcm,'emoloys a. stdndard vecoum
teohnlque; nemely en “O“ rlng gasket between two flanges, but it acts as
a llght-tlght 301nt.‘ | - ' “
The two orobes differ 15 the follow1ng ;eopects. The defining

counter probe recelves only protons from 40 Wev up and ghese high eneréV'
protone cen ee°1lv Denetrete the wall of Ehe stelnless steel tube, whlch
is thlnned down to O 016 1nch at the end where the crystal is 1ooated.
The back end of the probe is bolted down to a rlgld +able in a p051t10n
that deoeods‘on the’angle to 1~e studied Theimon;tor Qrobeumust aeteot ‘ :
oarulcles ‘with energles es IOW‘aS elght Mev. To oo this awlight-tight'v‘
cap fh ; one‘mll alumlnum NanOW is ueed The cap 19 placed over the ,", o ;
end of the probekand hae e baffle at the end to allov the 1nterlor to be

i . , .

pumped out, sioee the luﬁlnum could not w;thstand the vacuun. The vaopum
sesl is tﬁen meae inside thelprobe; aooyt an inehvoeok; by ao "OQ ring i
. PRV S N Ll P T e o
resting déreotiy'on the'luc?te rod. Thislaffangement causes some light .
TR e o e e v : T
loss but EheAemount is not appfeoiable.“The rear‘enduof”the.probe,swiveisw.j

on a ball -bearing mouhtedvon & small bench milling'machine,*firmlyHBoitéd'” E.
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to the floor. This table can be-moved hy “emote céntrol from the control
room of the cy;lotron, wﬁereyselsyn indicators are also locaued. In this -
manner the large monitor crystal may be moved inside the tank until #ﬁe |
center'o% a‘cpincidence cognting rate plat;au is reached. . |

A grea£ ﬁany precéutions were taken tﬁ'ingure tﬁat as much light as
poss1ble could reach the phototubes. A'“a;tage wvs,taken of the fact
that when the dlameter of tne 1uc1ue>rod increases along the 11gﬁt path,
the llght rays tend to stralghten out. Alhls effect not onlv cuts down
the number of reflections but.allows the llght to g0 ubrdlﬁht into the
Dhototﬁbe rather than to be spra yed out tangenu to the ond surface; The
kr}st;l holders were rounded off around the point where tne crystﬂl was
set; and were covered with alumiﬂum»foil to act as a reflector fo?.light
startiné oﬁt sideways., It vwes found that‘merely butting.flat ends of |
lucite togethe; made as good é joint aé mhchlmore complicated bonnec£lons.
The entlle setuo when test;d on the begcn'appeared to atteﬁuate the

pulsas by a factor of about two. A previous setup, uhlch used extruded

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

o+

attenuvation would have madeqthe exoeriment impossible since lucite itself

.
- - -

scintillates very ueaxlj end Y- rays or other radlatlon, when strlklng
the 1u01te nesar the ohototube, .ould have.swamped the true signal. A
small amount of Canada balsam was uséd to make opt1ca1 contact between
the crystal and the lucite in the detector probe. In the monltor probe,
where the crystal 1s in the vacuum system, the balsam 001led out. To

avoid this diffidhlty the crystal was fastened with Duco cement ‘snd

optlcal contact was made with mineral oil. TherDuco.éegent itself hed
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vefy poofroptical pnopertiespwhen'dfiedwand hénce could be used only around
the edgeso . R

Db

Nith the arrangement descrlbed and because the llvht flashes from

hlgh energy protons 1n anthracene are qulte large, it was p0331ble to

1"y

operate the phototubes at such a level that no appreclable thermal n01se
wes counted. With the ampllflers set at tw1ce the galn normally used, _ -

fouf'single channel counts per minute were recorded with the cyclotron
runnlng but w1th no anthracene crystal 1n place.

Co Ampllfylng and Qountlng oystem~

The pulses from the ohotomultlpller tubes wen* Airently to cathode

’

followers, each ol whlch fed 250 leet of RG 62/U oable termlnated in 1ts

o

oharaoterlstlc 1mpedance of 95 ohms.: The lengths of +the two llnes were
compared by observ1ng reflectlons of fast pulses on the scope. ‘The |
dlfferenoe was found to be less than O. Ol p second.‘ Th1s flgure:was
certalnly satlsfactory since a c01n01dence resolv1ng‘tine‘of“0.2 poseoond
was used;. The pulses were next amp1111ed by means of conmer01al verslons

of the Jordan-Bell 11near ampllfler8 and Were fed from dlscrlmlnators
in the c01n01dence 01rcu1t 9 and then 1nto a scaler. The scalers and

o -

ampllflers were bullt by the Atomlc Instrument Co., Cambrldge, Mﬁss.

Ampllflers used w1th a pulsed beam such as 1is present in an f-m

cyolotron, sharply llmlt the ooss1b1e countlng rates unless the dead tlme ;
is a small fractlon of the burst tlme.f The 1nd1v1dual bursts on the

i

“

8 W. H. Jordan and P R.. Bell Rev. Sei. Iust; 18,703 (194_-7)

° Howland, Schnoeder, and Shipman,~Jr;,;E§y;"-§gi. Inst, 18, 551 (1947) P
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Harvard cyclotron lasted ab?ut 250 y seconds and hence the amplifiers were
modified to cut the dead time to about 1 p second, and further changes cut
the rise time to about 0.1 b second, 10 Crystal diodes were inserted

within one of thé‘feedback @oops to prevent double pulsiﬁg when the

-amplifiers were overloaded.}1

D. Solid Angles

The scattered protons #eaving the target travel on hflices to reach
‘the c;unters.' The radius of any given helix depends for two reasons on
“the angle that the partipleﬁt;ajectory mekes with the horizontal plane.
First, the momentum of the particle deéends on the scattering angle and

: : ‘ : ,

:second, only the component ?f momentum perpendicular to the magnetic
field is‘effected by the fi%ld. VWhen the particles scattered in the
vertical plane reach the top éf bottom of the magnet gap they will have
moved inward radially from %hekinciient proton orbit because of their
smaller monentum snd angle ;1th respect to the field., It turns out that
the dlstunce they have gone 1n is very small (about 1/4 ineh out of 40

1nches orlglnal radius) and very nearly constant for all scatterlng

mngles. For all positions ﬁtudledlt was also necessary to calculate

- the angle in the horizon{al;plane at which the protons strike the probe,

dn order that the crystals éould be set perpendicular to the scattered

Pproton direction. A first approx1mnt10n to the solid angle of the defining

icounter is then just the: crystal area divided by the square of the

distance traversed. Because of the focussing action of the megnetic field,

i

10 p, Bodansky, Ph.D. Thesis, Harvard, 1950.

11 w, c. 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 Lhus calculuted. The correntlon 1u Just aln ﬂ?ayuhereﬂyls the_
angular dlstance that the proton travelg around the nellx.

i

Ny

! . "‘s o N . ,". : e
ITII Experimental Prooedures‘and‘Equipment Performance,

A, Allgnment of Apparatus

Jlth the cvclotron runnlné, curves‘vere olofted of the cbinciééncé
rate versus monltor p031t10n normallzed ‘to the ulngles rate’in tﬁéﬁ
defining”Counter;"A olateau 1s obtalned in theue curﬁes, aé is‘éh§Wn‘
in Figufe*4 if the monitor'orystal is sufficiently 1arge. thélpércéﬁt
coincideﬁbé"éoﬁnts'to"singlé channel céﬁﬂts fof'foﬁr;minﬁ%é runs are
plpffed.;xAcciaenﬁailcdﬁnﬁsfhave'Eeenréﬁbtfacted;6ut fof eadh'éaiﬁ%;.
The cédﬁting fate;atjﬁhe fop of the plaﬁééﬁ was threevcouﬁts péf second
for coiﬂéidénces,:about fifteen counts,ﬁef éécond iﬁ‘thé definihg“
counféftéﬁar15b‘cbun£s per sécohd in the honiﬁor; Wﬁth a repétition
rate of 100 per sécona; these figures imbly'ong to two monitor counts ééf

burst,.

f

After the counters were set in thé correct positions as determined
by the coincidence platéaus; it was necessary to rotate the defining
crystai'é%ouﬁ the axis of that probe, td,check for misalipmment. This

procedure was espe01a11y necesuary if the cryot :1s were long and thin

. , o ‘

since the'side of the crystal”fapidly oresented & very large area to the -

[

beam;'witﬁ'bnf§ é small”rbﬁaﬁibn.’Plottihgvcoincidencés'against rbtatiéné

S e aw B T R T PR OV

now ‘ normalized to the monitor ‘single chaanel rate, one found a minimum °
5o R - v R : W

and this was the correct position, When the crystal was very short,

e v

[
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"in the final rums, the rate did not rise r301d1y n1th rocatlon and the
mlnlmum‘wgs ahallo; and broad

.Oné‘further cgeck of‘the ééparatus consistgd:of teking curves of
coincidence ;ate vérsus-aAPiifier gain, One obtaiﬁed flat gain curves
down to‘é point whére tﬁéy cut off sharély;- This result is.not-
uncxoécted éinée theJéatﬁddé folléwer linited J'he ouise heinéts. How-
ever, to really check the pulse helght dlstrlbutlon, the follow1n
experlneny was Derforved. A thln, l/é-lﬂch ﬂonltor crystal was bullt_
and run at'a position sucg that seventy liev protons would reach 1t. The
counted coincidence pfotons pénetrated.the crystal squafely,_losiug
‘about five Eév since the monifor was set in the middle of a plateaﬁ.
r"hen the‘voltage on the phototube was lowered untll the cathode follower
was no longer limiting the pulse Helgnt. In this manner the curve
shovm in ?iéure 5 was obt;ined. The differential pulue height alstrlbu-
tion taken from tﬁesekdatg;has a yidth of about 25 percent, which was
considered satisféctory in vie%{of the qomplicgtadAoptical system. It
was necessa;y to rﬁn gaiﬁ cgrves ?o; b%fh the‘mongtor and ?éfin;ng‘crystals
at each angle studied since the pérticles lost different amounts of
energy in tﬁe érys#al at each position. | |

B, Bac#ground %nd Accidental Coincidencesﬂ

In any doubleicoincidenCQ setup there are bound to be accidental
coinoidgnces_due to the finite resolving time of the coincidence circuit,
In the setup used,}most of the single channel rate consisted‘of protons
scattered from the5carbon,in the target. WVnen the counters are ﬁoved.out

of line, no true coincidences should be counted and the remaining rate
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must“beﬁdue to accddentalAcoincidences:: On the ' other hand, when one
channel'ls delayed ‘with respect to the‘other,va measure of the accddental
co1ncldence rate 1s.also'obta1ned,.51nce the partlcles arrive randomly

in tlme. Thls statenent is true, of course, only if the. delayvtlme,

2 p seconds, 1slshort compared to the burst tlme, 250 1) seconds, and 1f
the resolv1ng tlme, O 2 p second, 1s large“conpared to the tlme of
revolutlon of tbe partlcles, O 05 u secondi" An oscllloscope was:used‘

to detect any p0531ble flne structure 1n the beam tbat mlwht cause dead
spots to appear two p seconds after any given pulse. There auceared to

be as’ manJ pulses in that reglon 25 anywhere else in uhe burst. W’ithi

the countlng rates used; accldental c01nc1dences usually amounted to
only-onejbercent'of the.true coincidences;butfoqoasionally.the accidental .
rate was as hlgh‘asiten'percent.’ Itblsfbreferabdehto useda.delayed‘”
coincidence‘rateias‘a neasureiof“accddentals raéher tban to oount;a
background later with tHe counters out df line.}-The reason is that.
accidentals are proportlonal to the Square of "the beam 1nten51ty for
double c01ncldence measurements, and 1f the 1ntens1ty ‘of the beam-
happened’ to;be‘double during‘the background run, twice as many acciden-:
tals would bedrecorded per unitlbeam current.as should be recorded. -
Houever, itdwas;sometimes apparent‘thatjuben thefintensity Wasilower"théni
usual,fséarksauere occuring,infthe tanku'cutting“out’entdre f-m bﬁféésf
In this case,{theiaccidEutalvrate was probortional‘to the beam‘intensitﬁ.
As a further;check,'for'one‘angle,of scatteriné'(éééj,:the pOlyetnylenew '
scattérer was?replaced'by g?céébbn soatterer seﬁen'mils'thick. Tbe ‘M}\E

coincidence counts observed’'in this case were only one percent of the
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coincidence counts obtaihed:for the same activity of the carbon but with

a polyethylene scdttenerfand were approximately equal to the accidental

.
-

counts determined by the delayed coincidence rate.
In addltlon to the background Jjust dlscussed both probes contlnued
counting at a reduced rate when the osc1llator was turned off, This
effect was due to the 1ntense radloact1v1tj present in the cyclotron
tank. Theoretlcally one can discriminate by pulse helght agalnSu the
pulses from electrons, but the galns vere set sufficiently high to be
sure of gettlng unusua11J small oroton oulse ‘ano hence some electrons
were counted. Since these counts we}e not bunched in time, in oontrast
to txe.cyclotron beam, they‘ald not contrdbuoe apprenl bly to the
accidental coincidence rate. |
C. Beam Current MDnltorlng.
VWhen carbon 1§ bombarded bv hlbh energy p*otooa, tbe only act1v1ty-

formed to any exteno 1s the 20.5 mlnute pos1tron decay of C11 In

order, therefore to measure the beam current it is necessary to know

the ratlo of the nimber of actlvated 011 atoms in the f01l to the total
u

number of atoms, ana also to know the cross section for the formation

of ¢ll bJ the (D,pn) reaot1on. However, the probon-proton scatterlng

x\

cross Serlon is obtalned in terms of the bll cross sectlon w1thout

going through the 1ntermedlate process of flndlng the 9ctual beam current.

<r
The total number of atoms in the foil need not be known, but only the
retio of carbon'toﬁhydrogen.
< f
In order to find the total number of activated carbon atoms, the

target is removed and the Cll activity counted by a thin end window,

L)
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1. 5 mg/cm2 G-M counter. A close approx1mat10n to the number of actlve

Cope p . ’,
N “-‘.

carbon atoms that would have been present had none decayed is then

obtained by extrapolatlng the act1v1ty back to half bombardment time and

d1v1d1ng by the decay constantl\ The error in th1s orocedure .1s less

than one percent for 8 five minute bombardment of a 20 5 minute helf-
e '.‘| ” ,.f %

life material. Before each run, the plateau level of the G-M counter

was checked w1th a uranium stenderd. The level was found to fluctuate

s much as four percent from one week to the next, even though the

FEES

slope wes only one percent per 100 volts.. The dead tlme of the counter

wes measured to be 110 p seconds, by counting two samples together und

separately essuminé ntrue = nobs(l + nobsTd) lhe flnal date for the |

105 Mev p01nts were all taken w1th the same counter. | -
‘ To flnd the order of magnitude of the proton-proton scattering

cross section, a rough calibration of the G-M counter efficiency was

made. The best wuy to evaluete the effective solid angle, self- absorp-.

tlon, backscettering and other factors 1s to measurs & known source. It

is necessary to use & source w1th the same properties as the one for
whlch the G-M counter is to be calibrated. To do this, the absolute
act1v1ty of Cll in polyethylene fOil was measured with scintillation
counters, using the method of pJY c01ncidence countlng. In thls methcd
the efficiencies of the scintillation counters do not enter the final
expression for the absolute activity. 51tt"‘ | o
Thus, 1' | f‘ . A
The number of p counts Nﬁ = N 63,

The number of Y counts NY = Noe Y':‘t
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The number of comcldences wa = N € Be‘Y |
g1v1ng No ' 5 NY h | B
: 'Ngy .
wheree ?'. andeYare the overall eff1c1enc1es for coontlng ﬁ 8 and Y'
respectlvely, and No is tne?absolute.sct1v1ty. C11 decays by enlttlng a h
positron, aed feerefore-thejsource wes olaced in a small alumlnum |
capsule stopplng £11 the positrocs. The ennihllation Y-ra&s all appeeredA

then to come from the same place. A small sclntlllatlon crystal wes

placed in one 31de of the cansule, ﬂhlch effectlvely c0unted only the

. p-rays, Whlle outs1de the capsule there was a very large crystal countlng

the Y-rays. Aoﬁivity measureﬁents were made alternately sifh this setup
and with the G-M counter. In this way the overall efficlencv of the. G-M |
counter wa.s determlned to be l/lO 5 for ten-mil polyethylene f01ls.

With flve-mll f01ls the number was 1/@ 5 and w1th 30-m11 f01ls 1/14 3.

The fact that the ratio 9.5 to 10 5 was correct was verlfled by counting
two flve-mll f01ls flrst on top of one another and then along31de. The
ratio measureduln this waj cnecked the prev1ous raclo to better than one ;

percent but the absolute efflclency may be incorrect by twenty percent,
4 - .

i
b

due to systematlc errors.
Care was taken to ellmlnate certain errors, in the following manners,

The ampllflers and‘soalers vere 51mllar to those used for the scattering
experiment, In thls 51tua£lon, hcwever, 1t was necessary that all |
pulses belng counted as 31ngle channel counts should also trlgger thev
coincidence GerUJt, if a true 001ncldence had occurred. Over a very

.. !

small range, one volt for the discriminators used here, the output
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pulses‘ﬁere smallerfthanistahda;desl?exand'uould4notitrigger_thevcoined
cidence circuit,f In order to.ellminatehthis effect'thefpplses”weretfed
into a‘seoondjdlscrimlnator in'eerieS‘with'the first and. then‘directly
to a scaler and 31multaneously to’the colnoldence‘olrcult. Thls arrange?
ment reduoed“the losses to less than‘one peroent even When‘countlng
phototube nolse that was banely f1r1ng the flrst dlsorlmlnator. 1‘

.ﬁ;i Dee Flaps and Cllpper.‘yb\ | o

When the cyclotron was. runnlngvat fullvlntens1ty the average beam

current uas somewhat more than O 1 p ampere. Slnce the scatterlng |
experlment needed a - current of only 10‘11 ampere or less, three thlngsr
were done to cut dowh.the beam. Blrst. the ion source fllament and |
hydrogen supply were cut off. Actually, ih the flnal arrangement the
souroe was: left on but hellum-was used 1nstead of hydrogen to malntaln
the arc, as w1l1 be exolalned ‘in the next sectlon. oeoond, adJustable
flaps that extended out about flfteenvlnches from the tank centerbwere
1nstalled on the dummy dee. They reduced the dee gap to about 1/4 1nch.t
Slnce the beam 0301llates vertlcally about the oentral olane, 1t was

neoessary to use only one flap to- control the 1ntens1ty.v Thlrd, a' 1/4

1nch beam helght cllpper placed part way around the tank from the target

c01nc1dence to s1ng1e channel rate. lhe cllpper performed another

1mportant “unctlon 1n that 1t cut down the p0851b111ty that the beam '

would make mu 1ple traversals of the target. A calculatlon of the

@

i

multlple scatterlng showed that the protons Would h1t the cllpper after‘

- one or two traversals of the tarpet.
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E. Beam Energy:
When a cyclotron is operated vith the ion source shut off, protons
may be forméd'anywhere within the vacuum tank. As & result, pr0cons
P o

4

may reach‘the target that startea quite. far off center. toince the
magnetic fieiq tapers off w1th increa31nﬂ-rad1us, the orbit'of such

a proton precesses'rapidly. Hence no watter where the proton orlvin-
ates, 1f it starts off center it arrives at the targ t early, and with

too low an energy. This dlfflcultJ manlfested 1tse1f in many uays in

I

“this experlment. First, the burst as viewed on & scope trlgsered by an

f-m receiver arrived too early in tne ;-m cycie; Second the Dlateau
positions.oidtnot.aéree %ith‘those previonsiy”calculateg 1ndlcat1né
the low energy partlcles were striking the target and oelng bent uOO
far in tbe magnetlc fleld vefore reachlng the crystals.
To cure the trouble,yhellum wWaS used to sustaln the arc;‘yfne
beam intensity wasknOW'somewhat higher than'itvwas‘nith no ion sonrce.
It was then possible to adjust the flaps again:so that the intensity
of particles that came from places other than the ion_sourceiﬁnszonl§
ten percent of'tnat"due to the source. In thsstway most cf:the:
particles were caused to come from the correct piace end at ihé”éo;}ecﬁ
time. When tﬁe ion source wes thus used, it ﬁas'stiil possible‘to.nake‘
the protons reach the target too early by flrlng the arc late.' In fact

if the arc was flred 100 p seconds after the optlmum acceptance tlme,-

the burst would appear 250 u seconds early. The total acc°1erat10n tlme

was 1600 y seconds. blmllar results have been obtalned at herkeleyl2 but

12 fenrich, Sewell, and Vale, Rev. Sci. Inst. 20, 887 (1949).
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of muohisnaller'tlne-naénitude;‘:These 1nvest1gators explalned the

R R
2% ;T e

phenomenon on. the ba81s of phase osclllat1ons. Partlcles that started
late. and out of phase 030111ate about the synchronous orblt and may
arrive: at the target ahead in phase. Thls type of osolllatlon does not
change the energy Wlth Wthh a. partlcle arrlves at the target whereas
radlal osclllatlons do. - | | o

» A separate‘experlment has been performed by N. Bloembergen and P.
vaaneerden13 to determlne the energy dlstrlbutlon at 36 1nches with the
cyclotron 1n.operat10n for proton-proton soatterlng as explalned above.‘
A half w1dth of seven Mev and a mean energy of 75 Mev wes observed. The
energy calculated from the magnetlo ‘field’ and radlus ‘2t the target was
85 Mev.- The half w1dth at 40 1nches was, 8 5 Mev w1th a mean energy of
105 Mev. No 1mportance 1s to be attrlbuted to the dlfference between
the half-w1dths s1nce the measurement at 105 Mev was observed under
‘dlfferentxoperatlng condltlons.‘ |

;F;f‘Cross Fire;igﬂ .

The cry tal'*were orlglnally cut about l/? 1nch to 3/% inch thlck

1n the d;rectlon that the protons traversed, and about l/% 1nch by 1/4 o

1nch 1n oross‘sect'on.é Under these condltlons 1t wes found that an

appre01ab 97 number‘of partloles entered'the 1des of the crystal rather

than pas51ng stralght through from front to baok.v As a result the mon-'”

1tor crystalfwas txo“small to count all the re0011 protons and true

plateaus Were not obtalned.' The effeotfwas apparent only for the small

lSiN;rBlﬁenber”en and?P{:&aneHeordenélPrivate;Communioation;t

o s e e s e
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scatterlng angles where the protons had to traverse a large arc before
reachlng the deflnlng crystal. To counteract this trouble, the deflning
P L
crystals were cut down to l/% inch thick. Satlsfactory pulse helghts
could still be obtalned w1th this thlckness, and the cross fire was

ellmlnated except in the case of extremely small angles. The results

given in the last section do not include these small angle p01nts.

G. FlnaliProcedure.

The complete procedurejfor each point was as followsf :About,one_day
was spent lining up the monltor counter, running gein curves and rotation
curves. .Then after the target was withdrawn, a new target,was placed:in..
the vacuum loch and pumped on,i After the gate to_the tank was opened,:'p.
the cyclotron was warmeduupﬁagain for a_few:ninutes. Any activlty |
produced on the target while in the lock was too small to be measured.
During this time the standard source was being counted in the G-l counter.l
Then'the new target wWas let‘in. It was now necessary to start the |
counters, turn on the oscillator, run five minutes,:%urn off the oscill~

ator and -turn off the counters. Special care was taken to get. the dee -

volts up rapldly w1thout breakdown and resultant los311n intensity,

since the extrapolat1on procedure in counting the target foils ‘assumed

a uniform bombardment. The target was then withdrawn' and the. act1v1ty
counted for two three-minute intervals. For each angle two. and some=
times four foils w%re suCCessively bomberded.

|

IV Results and Conclusions‘i . L

Table I gives;typical data obtained for the §n= 45°'point; An

explanation of the headings is as follows; Time of count refers to the
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minute 1nterva1 durlng whlch the target act1v1ty was counted. Thel

corrected countlnglrate has had the G M counter background subtracted
and the dead tlme losses allowed for. o
employed to obtaln No, the total number of Cll atoms formed durlng the
.bombardment.
back to half-bombardment time and;averaged -divided byf)\' the decay:
constantl multlplled by the approprlate geometrlcal factor for the G-M"
counter (whlch depends on the fo1l thlckness used), and’ normallzed to'xf
the standard G-M plateau level.
001nc1dences, PP’ ‘is the dlfference between the number of counts 1n ?
the promot 001ncldenoe channel and in’ the delayed coincidence channel.

The‘dlfferentlal Gross sectlon in’ “the laboratory,system is then glven,?

by,

L
o .) -
,; ‘7'

I

)

TN

- ,d-f\_ . 2NO°A . 1(\ ST

Theﬂfactorﬁtwowin~the”denominator'arises from the»fact that- there

are two hydrogen ‘atoms for'eaoh carbon atom in oolyethv .ene.

Seventy mllhlbarns at 105 Mev and- 81 mllllbarns o795 Mevl4 were

The follow1ng procedure 1c.f‘

(

The two determlnatlons of the act1v1ty are extrapolated

‘THe true number‘of oroton-proton

L

used for,the cross sectlon of the formatlon of. Cll to establlsh an

absolute bas1s for the value of e °’
d,n_

cross sectlon 1n the center of mass system,

J

- 14

W. W. Chupp and E. M. McMillan, ths. Rev, 72, 873 (1947)
E. M, MCMlllan’and R, Do, Mlller, Phys. Rev Reve-73 80 (1948) ;

Aamodt Peterson, and Phllllps Phys. Rev. 78 87A (1950) and UCRL 526.

The dlfferentlal scatterlng

dcr’, plotted in. Flgure 6

el S i
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was obtained from the laboratory cross sections by multiplying by

sin§d§___ 1 | (1-520032§)2
sing dd ' 4cos P 1 - p? -

which is the relativistic transformation of solid angles. Capital letters

indicate the léboratory system, small letters the center of mass system.**
The center 6f mass angles ax;e related to the laboratory an-gles’ ;t;y the
relation ) o
tan$ = (1 - ﬁz)l/z tan 9/2

The cross section for each angl:e is the reéult_obtained by ‘sj:atis-
tically weighting the individual runs at that angle, The ~va.];ues are given
with their standard deviations in Table 2. In all runs at a -gflven valué
of §the same defining solid angle was used for the final data, It vies
therefore merely necessary to add up the coincideﬁce protons that

resulted from all the runs and to divide by the total number of cll atoms

formed. The percent error 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 resultant standard deviation in the ratio is
then just the squaxi'e root of the total proton counts, .divided by the
L - .

]

i
%

The differential scattering cross section in the center of mass

_system, do appears to be constant within the statistical deviation

dw b . !

over the runge of angles measured. The absolute magnitude of the 106

Mev cross section, jj5.6 millibarns, differs somewhat from the value of

** The symbols follow the convention established by Hadley, et al.

Phys. Rev. 75, 351 (1949), in their n-p scattering experiment.
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four mllllbarns obtalned recently at Berkeley for 120 Mev protons,3 As

R ;»,.‘-f 5 {

wes mentloned earller, thls dmfference may be due to the callbratlon

procedure for the G-M counter and also to the uncertalnty in. the cross
SRS NS N R i ‘ A : .
sectlon for the’ formatlon of Cll ‘ The absolute cross sectlon may be
e ! o, —.:'*.’ g K

'Iw@.)l .
) | .

in error by as: much as 20 percent whlle the relatlve dlfferentlal oross'-

s

- 45:,.4,1

sectlons should be good to better than 10 percent.~ It_ls hoped‘tnab

‘ experlments now‘under way at;Hhrvard w111 determlnehthe carbon crebs

il

sectlon mope accurately and hence 31mu1taneously the proton-proton cross

A<.g AL

sectlon.. Preparatlons are. also now belng made at Harvard for proton-,

proton scatterlng experlments w1th an external beam. These experlments

."'

should ultlmately be of much hlgher preclslon, partlcularly on absolute-j

Ty o oy NN

cross sectlon, than those 80 far reportedo

Information D@%iéionf"
2-5-51 bb_ =~ .



0

Time of Corrected Rate

UCRL-1097

=22=

TABLE 1
Typical Data For § = 4509,
Solid angle of defining counterdn = 6,70 x 10-%
Correction to solid angle "{I/ siny= 1,013
Dead time of G-M counter 9= = 110 p seconds
Relativity correction to 1/4 cos § = 1.000

Foil No/64 Coincidence

Run count 3 minutes x 64 Thickness Counts Background X dd/an-
: : PP "
hefe 1Y , d(c )

la 11,0 207 ‘ ' ' 10 -
' _ 10 mils 28400 545 . 535 0.216
1b 14.5 182
2a 11.0 198 ' ' ‘ '

; 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 : . :
‘ o 10 mils 48200 949 17 932  0.222
4b 14,5 305
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TABLE II

Data plotted in Figure 6
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400

450

3 200 250 300 350
105 Mev _ . ‘

¢ 410 g° 510 19° 610 30! 710 41° 810 421 | 910 421
i) N - k.

P . 5064 + 0015 3044 + 0013 5.64 +0012 . 5.78 + 0019 5.50 + Ool‘ ,5.62"’6011
" * + 0 ha (978 ¥ hd a

75 Mev

¢ 40° 48! 500 50° 600 56° 710 g1 81° 8 | 910 8¢

4 _

d—::-@ 6.12 + 0.15[6.61 + O.11 | 6,45 + 0.1] | 6.35 + 0.18 | 6.78 + 0.13] 6,48+0.11
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FIGURE CAPTIONS

Side view showing scattering 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 anthraéene crystal.
The upper probe is‘the defining counter and the ball and socket
Jjoint through which it passes may be seen mounted in the tank
wall,. |

Plot of coincidence rate versus moni;or position normalized‘to
the single channel rate in the defining counter. The plateaus

in these curves indicate that ali the protons are being counted.
Plot of céincidence rate versus monitor amplifier gain normalized
to the single channel rate in the defining counter. The monitor
single channel rate is glso shown for comparison but on a scale
smaller bY a factor of 50, |

Proton:prdton diffefential scattering cross sections at 105 Mev
(}) and gt 75 Mev (i) versus scattering angle in the center-of-
mass syst%m; Absolute values based on the ¢l2 (pspn) cll cross
section eéual to 70 and 81 mb respectively. The standard
deviation% shown aré due only to the statistical fluctuations in

the number of protons counted.
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