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4 Previous emerimmts have ahown tlmt the anﬂgrotan meracta stmgly E
. with marter. '’ 234 44 500 Mev for lead glass, copper, and beryllivm, amd }
b _at lower energies for phntogra.phic emitaions, the abaorption crose section il ot
s ,‘ . siguificantly greater than geemstric. The purpose p! gh. expertmeu regorted g 4
©  here was to extend to other slements th- measaremants on tbe intaruﬁtm of o
_satiprotons and, in particular, to measare 23 a function of energy the total e ;,':r..*
. proton-antiproton cross section, whaich is of central importance to fhe under = ':lf'?“' 1
g : standing of the suclecn-antiouclesn inteeaction. ‘ 2 “*

In order to {il the expeyimental pmgram‘inw a iegaiblé tirne echeduls, © - :
considerable offort was speal in the development of a usable antiproton beam
A of bigh intensity. The use of thig beam in ths production ami ldentification ol‘,' :

' antineutrons has been described in an sariier TEPOFY, > NI :

The magnetic chanael aad this bagic elecironics ave deqcribed in Sec-"-'f"vfiv"’ e

tlons Il end 111 regpectively, while apm‘at!on of the v.nﬁproton ideuﬁﬂcae!nn ity ' '

Tncheme e included in Section IV,  The attenuation experiment in hydrpgem is Ao
dencnbed in Section V) and the pensuyemnents on buyllium., carbon., md lead

‘-’t-'-:i'-(‘n sacﬂon vl# Sl ’:. o f- }_1»‘,‘_‘.‘ g
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&3 - 3y MAGNETIC BEAM CHANNEL k7

S 2 * Autiprotous wers produced ip o §-luckilong bBeryllivm target in the
- ok ‘ by o . i
o5 {aterval bearn of the Bavateon (Fig. 1)) From this point at 5 frém the end.

of the gquadraat, Bagative particles produced in the forward direction were

Bane deflecied by the magaetic feld thward 3 iha 18/ 16-inch] se L:ﬁon of thie vacuum- :
B tamk wall ‘
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The external beam chaunel [Fig. 1) was ﬂe;’sigmedlto carzy a beam of
consliderable momantumn width over the required ﬁmwoi«-ﬂight path, Five
quadrupole lenses of nominally 4-inch aperture were eroployed; each lens was
composed of two quadrupolea 8 inches iong and one 16 inches long. The first
lens, Q;, was placed as close as feaaible (130 inches) to the internal target
80 as to vbtain the maximum solid angle of acceptance. To attain sufficlent
focusing power from available units and to allow some choice in magniiication,
the three quadr@él”e’i"ii‘t)ﬁere arranged to function as 2 two-element lens,
The two 8-inch units were adjacent with their fields slding and in a direction
opposite to that in the 16-inch quadrupole that followed; a 7.25-inch interval
between these quadrupoles was the minimum allowed by the water and electrical

connections. Q, formed an image of the beryilium target at the entrance to

Q, and effected a transition into the repeating pattern of lenses that followed.

Each of the four lenses after Q ¢ was adjusted to fecns particles emergiang from
the lens preceeding it luto the aperture of the succeeding lens. For particles
at the center of the momentum interval accepted, lenses 0y and Qg were located
at the target image poiats, and in this sense bear zome analogy to field lenses
in an optical system. Such am array of lenses uniformly spaced at twice the
focal length presents & good aperture to particles from an extended source and
over a broad momentum range; it im o feature of this syetesd that the aperture
remains large when the chanse! is lengthened by the sddition of lenses. The
broad admittance of this beam channel not ouly permitted a large flux of pats
ticles, but also reduced bear lsss frow scattering in the vacuuam-tank wall
and in the scintillaters. Our lenses Q, through Qp were each symmetric
arrangements of quadrupoles with the 16-inch unit in the center separated
from the 8-inch units by 10. S-inch intervals. The serics of magnetic lenses
carried negative parziicles a distance of about 100 faet from the target. At

1.4 Bev/c momentum, the lenses after 9 operated with gradients of about
3600 gausa/inch; <y had about 2800 gaves/inch, and the lenses ware spaced
with 251 inches betwean centers.

The dispersion of the magnetic field in the Ravatronm produced a hor-
izontal extension of the tergel bnage at 3,. The magnilication of (.,} and de-
flection in the first analyzer magaet, &, fncrsased this effect and allowed
adjustment of the mamentum iulezrval sntering the aperture of O, The analyzer
magnets also served to refject positive particles that scatiered into or were

produced along the beasn path.

]
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: Iu addition, three monitors waese provided. £ sceintillation teiestope
Mo ivoking directly at the internal target, moniloved the beam apill-out, A

. coincidence civeuil MZ" cenaected to altarnate outputs of Counitevs C aad E

and timed to count v mesons, mositored the channel fux; and the sigoai (rom
a beam induction electrode in the Bevatron was integrated to provide & record
of the total circulating beam.

The structure of the Bevairon circuiating beam during acceleration
has promnounced i modulation. 7o reduce the peak countiag rate encountered
by oue tinie-af—ﬂight écmmmwm, the fellowing beawn spill-oul technigue was
em;a'idayed. The circulating proton beam was cieered into a thin aluminun foll
£. 0003 inch) at the outer vadivus. The en.eréy ivos eustained iz repeated pasvage
&wi'efugh thie foil caveed the protons in become phase-wnstabie and to spiral
inward in the increasing magpetic figld of the Bevatzon, In the several milli-
seconds veguired ¢o spival inio the beryillum targst all phase coherence was
loat, and a beam spili-aut of ueiform imtensily was obtalned. By control of
the rate at which the initial beam was dviven iate the foil, the length of the
séﬁtl-om could be adjusted, In this experiment, s i00-millicecond apill was
used, corresponding to an snergy vaunge of the intzrnal beam of from 5.8 %o
6.2 Bev, i '

Y. IDEWNTIFICATION OF ANTIPROTONS

The intervals AC, CE, BD, aad DF betweon counatevs weres eack long
enough to rejoct siogle w mesons by & lavge factor (m Msﬁi whean the countare
were iimed for antiprotons {f = .625 to 0.83). Swilarly, twofold accidentals
weze vejected becsuse, for example, two mecone that simulated an snilproton
in the interval AC could not gimultansously do 80 in the interval CE, The use
of two such coincidence civcuits serves a double purpose, FPirst, the prokability
that an accidental colncidence secure in two slighily detuned independent circuits
io the product of the probabilities for eech. Thus the rejestien of mesons is
improved. In addition, snme zejection against threefold sccidestaln can ke
obtaiued by ctaggering the intervals so that we have AC > CE while BD « DF.
Separation of the antiprotons was, of conrse, most difficult ot the highest
velccity employed (B = 0.03). The lengihs of the cublea connccting sach counter
with e colucidence clrernit daterminegd the veloeity to which the siestronic
ayeteny was senciiive, and therefore defined the mase of particies pelected,

Figura 3 shows the suinbey of éoincidences shinined at 1.4 Bev/c as the relative
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hy&roﬁm cylzm er war mr»;m:tcd m 3 xrét"uum (leds "!uﬂ 107" tma 51",{9 By hidiif 2
cnhiea, and surrovaded by hf.a‘t ah‘q\d.:a leside = qumc‘ nity ug'i-n jetket: - The
_quid nitrogen was msu‘med by styrofozen aud S.antoccl , L
. ‘_ AT The target wan siade oi 310 wtaml 53 ateeiq hellare welded. [See ’F 2
‘ucm, Engineering Note 7397901 M6} The target can'bs disassembled by | 7
gtiading the eylindrical welds. Each of the snd windows is of spun stainien ‘ : ]
‘lteel 0,020 inch thmk The four stes! windows thmugh which the beam pa.zmad
totalad about 2 g /cm « The hydrogen container wag thated at a hydmstutic P
pressure of 130 lbg per inz' nuring operation the target was vented to thg K v
- roof of the ) bullding.  The target wssd approximately 1.5 Yters of liquid hydgogen
. per hovr provided the ressrvoir was only pmrtieﬂly fitlled. The Iaydrogen could «
’be put v or removed in about, 15 minutes, At e.m:h energy aweral ﬂmc wlthl- s
- and Withmxt kydrogeu were msde, : Bl N
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_? ward scatterlug and m!ﬂilstim sm..endaﬂm Wore mlnimtged. ‘ S8
' Figore b shows ke exr:erimmw vesul tra obtained at each engrgy.

aad irom the oscmﬁampan are in gem; mnrnarr ent, Crogs accthma—m thé tm:'u; b P
mre those ebtaived irem the oscmascapen wirich was less aenaitive tb.m tha _' S i8
ecoler seadiugs %o fAucinations ia fhe pu%se hetaht froks L. Uncertalutien tw-”’ AR
=0 dicated are atatistical woly. - A e ,l;_v;"v
i 3 oy Datarmiua&m of the eotai crﬂmﬁ saction iozr the intera&:um of an .
Bl p?otbuu wtth prt.wtanq !eqm*es a correctien for tis finite qmlid sugle ﬂ"] f ¢ e
b? Go\mter L at the tirget. The vaiae of thin ﬂwrecamn may. be estis atad f
ﬁm formula mlaudfng the unaaiuny owed of the forward aca,narhg ampmudng:
10” to t!n- total ¥roes Gecdaﬂ "'l
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5 whare Ak is the wave lungih of the la:idens aniiproton.  The magnitude of the
v tﬁorrect’w:\ ot fovwnrd scalzering ¥ glven by : e o
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m:_ﬂlﬁat{*r.c . In thlp cass; howaver, the covrection for {orward nucleasr sciuiter- ':'j

o . _“inj_ié(,;t_t;ni:h larger. The ¢correction has beon made with the sasumption that ' gl |
the forwazrd scatteriag io o diffraction effect resulting frowm nboorplica ovEr B i

W oo e : 13

: tmitufm partially transparent disk of radius 3 - 10 cin, out the amcunt of
thfn correction ia found to be insensitive to the disk radius assumed. Uncor-
,‘;, ‘n"‘{i'ééted and corrected values for the ¢vo@s section are given. The uacertzinty
B &xpreaud in statistical oniy. The canergios given in the tabls cozrsspond (o
the antiproion kmm enewgies a¢ the centar of the Be target ard are ancertain

By =P " Table 11

AR i R Cross secuoua for a.utip'eomm on berylimm
" ihickness - R e 2 __evége seetion

e o : AT E e e s & :
Agfem®)  qMev)  idegrees) . (MBf. * SEf

27.9 500 B BT o B0 S ABRABA s e
24,4 . 700 3.65 aeoh 7% b Msgés}m‘m*so
AR, Dl DR i S a6 - 435 2 75,

M
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B. Carbon

LIPS0 e

X In order f0 measdurs the crosa saction iﬁr antijmotbns cm‘ c'aﬂm;m p » Av"i?!
i y eomewlwt different method wap tried. This centered around the nse of the e e S
= : "live“ target, )%connisting of & 5~ganoaa ligneid sciﬁtulazor lecated ‘behind : PR RL
‘ Counter ¥ (uee Fig. 7). Eech time an antiproton was neleeted by the time- _ 2By
B ‘o!-ﬂight aystem, the pulu predaced by this large scintillator was photogru.phed,

3 ! Bw pq.lu-heimht amslyﬁim an%iwmt@aa ‘that inieracted inelastically coul d'be :

: —uparatad from. thou that  either ucatsewed elawtically oF passsd through : 3
: f - without, hsaractim Stmuita.twoasly the 13 dneh final counter L was. .oeated
, e ho\yornd ﬂm targat in oudeet \a ‘astect iransm uwd mupratcmn The-spe ,trum " '
‘- of pules heights ia X for 330 m-"‘m&nt antipretons of momentum 1.4 Bev/c with

L i "gﬂmq’;” geometry t6 = 2:65%) 16 shown in Fig. &, Pulsea are sleperated
; : into two BEOoRpE Zccordin 5 ‘;u whether er aot a c{.iuc:dcn pulse oceurred in L.
i 'l'hs oharply peaksd uppes apeciriim of Hi; 8 1-1r.gcuaﬁ that L detects principally
: uoui.a!eﬂawmg :pli ey ward “acaite rad antiprotone. A swall nambey of gecond-

anee aaxeuut-«-m wm uulr stic/zvents ie X {larger pulves] are detected by L.

R N R T e TRy N e IR i - R it b AN A e O S e e o
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On the ethar hand, svente that are not glmec‘zetl in L are prén*i;aﬂv \-zslkm‘q:i::o "*_“ . L
a8 is indicated by the broad lower spectrum of Fig. 8. The peal in (3is spec~
 trum ie attributed o aim:iproteaé that scatter elastically ai sngies laxge susugh
 to migs counter L. : :

' Figure 9 chews a similar spectrure citained for 1939 antiproions &
dncident upon X with L piaced in "pooz™ gsometry (9! /2= 26°%). The broad ot
background of the upper specirum of Fig, 9 indicates that relatively mone

. secondaries are detected by L, aad the abseuce of 2 peak in the lower spute
trurn indicates that elasticaily scattazed a';;.aeipmtms are contained within L.
From the spectra of Fig. § we have determined the total carbon-auti- o
proton cross section. Resulls of the cmsaeeectmm mensuremants for hydmrgax:. : E
described in Section V have been used to correct the chserved tranemisaica ;
of toluene (ﬁ‘;?ﬁab to obtain the transmicaion for pure carbon, > v i

Froro tha spectra of Pig. 9 we have determined the inelantic carhm&-« B - 1
antiproton cross sectlon. Ceorrection fov hydrogen abaorption has been made = 4‘2
with the assumption that the proton-antiproton crose seciion is three-fourths . : ;

 inelastic. The justification for this is thet, ao will be seen, the inelastic antis. = ,
proten cross saction for carbon, and probably for bevyilivm, fe cmmi&.‘amblgr "ff
larger than the eclastic. Since the fotal correction for bydrogen absorptica "E

amounts to only 15% of the cavbon-antipreton cross section, the unceriainty
introduced by this assamp%im is small. : e S,
The mrwas“ﬁnmcmﬂ.ering correcticn fo the total cross-usction meaem*cn- e

; i
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-x_nene has beea made, as for the beryllium messuremants, by assuming tha ;
the region of interacticn is an z2bsozptive disk. The correction, aiéhmsgh rather. ¢ |
large, ia relatively independent of the assumed vadius of intsraction. Tﬁae ’ i.*, _
value iex‘ the corrected total cross section ¢ copt Biven in Table iX, e b~

 tained for that radius which gives a computed velue for the inelgetic cross

section equal to the measured value. The table includes as well the resulls

of simézaz messnrements a8 0.9 Bev/c. Tﬁ is the kinetie enargy of the angi--
proton at the center of the carbon (telusne) tarpet and is uncartain by = 5%.

The exnrecasd uﬁcesﬁaiaﬁiea in the cross sectione aze siatistical énlzr.,
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The desirability of extending thimeasnrement of aniiproten croes
secticns to elements ofher than carbon supggeaied the use of walfer inserts in
t?;;e tolusne scintiliator. 'This migh? be sapecialiy helpful for heavy slements,

for which the performaace of good-grametsy attenuaticn experiments io



-

.

-

e

X {dashed owtlines in Fig. 7).

“collection efficiency and the sniformity of the sciaiillator; sGme seli—abaqrptiiin;_ )

comgiéﬂﬁe,. by the lavge cultipls Comdonib' Icattering produchd by thick tavgelayy

To. Ay thie method, fve scually speced hali-iach lead vaLrs« weve placed in .

From the trassmission of X for antiprotons with aa0d without lend ins
urts, the inelastic antiproton-lead cross section has been compuled o be v
2330 mb % 285 mb at 650 Mev., The e:mpreased uncertainty {s statistical only.
- Other uncertainties ia the lead-wafer expariment ave probably maater than,
in the carbor experiment, Tho presence of the wafers 1~edu=*as the iigm-

of inelastic evenis cccurs in the walers; and finally the larger Cotlomb bcattéi'ﬂ
ing associated with the lead target makes the final counter L less helpfu’l in

P

separating slasiic and iuelastic eveuts., T e AL Ry
Tabla 513 S T R s
e = e e
Antipzoton-cxuas gactions o carbca 5
T3 1z A T . " Tobs . i Tor S
{ Mev) (degrees) {mb) {mb} Ll Al e ¥
. e - e e D e B .. = .' ! 3 ]
700 ' 25 436 = 19 _
700 2,64 _ : 575¢ 59 857 a 19 A 3
300 3.55 . 568 & 102 a ' T R B
300 2,585 "~ 6le# 118 . Hh55 & 130
| g‘ - " '

CONGLUSIONS

‘The total proton-antiproton cross section {o aboug 160 wb in the :éj!'i':j“
ergy range of 300 to 700 Mev., This is con’ni@iamsr l&rgeé than the nucleon- :
nucleon crogas sactionn fog the wamne éa,ngez of pombarding éwa_rgiai jaee Fig. -~
6). and is apparently a dirsci congequance of the annibilation fnteraction.

Thie interpretation is supposted by rmeasnreciants with a "'live'* target which
show thet in carbon the inelastie cross section is about iwide the elastic cross

section, Annihilation processes ase a large sart of thess inclastic 2vents,

as tndicutad by ths pules-haight :p»uci:rum leee Fig. Yk It 16 not aurprising

that we find relatively fewer inelastic ‘.Ma actions mvm sing rieaon prod .utimq

~without annihilation.  Theae intesnctions are .r“{pet.to- to vecer farough procdsses



s prntun interacﬁea ie cha*acterized by a "ra iuas’' abaut aqual w tha spacing -

<,

. observaticn-has showa that the charge-exchange crosa gection foz ant ;pn S

- abeut the same as that of the nucleon-antinucliacn syatem being romidei'ed
. Cross section, as COmpsrea with the nucleou«:mciecm eross section, seam‘a to

has been followed by Duery and Tellex.

 opique to zntiprotonﬁ. 3 'Ihe axtent of the ingeraction outside the nuelem ig

; simﬂa.r to those o p‘?ai‘-hrg in the mml,ﬂ»hwlr‘m and pige ~ucidon m%e"s,cfk'n-».. S

A !.lnce *“*mtzw givenin e4Th upae are statlabical only, Ceriain oys-
tematle unecergnintice 2pve baep discussed peparatsly i; chnoa it with tha %
Parbiculsnireyalte, L o AR gE re AR
T R T ) < . aalsD C1a% Lo pe i -l S o # L Sy i ol FEG 'Ez’

) 4 B o N - .8 e i i s ¥
E L y s l'l'-» SERS 4 -
b g : . r,‘tv.,-'.s: - w

for which the high-eneryy foelastic croas sections Are : aboGt 30 mb. L-z* ek gy
on Cﬁ is of the srder of a few milliberns, : iR SO A et 1 4T

Comparison of our value of 484 2 40 mb for the total e-v.:’r.ilznrm-:en~br_~#ﬁy'}4v' 3
lium croes section at 500 Mev aad the pravious vaiuve nf 365 & 99 mb foz tha ™ Aub
eross secfion obtaitied in a "poor" gsomatry @:zperi.meﬁﬁz in(ﬁicatea that fox : £
‘beryllinm alsc the inslastic antiproton cross section is probably considexably
larger than the elasiic. : o i

Pazt of the difference between the nuclson-nucleon and nuc.lem-‘aa‘.h
nuclecn cross section may follow from the large energy avax!abita Kappraximately
Z Bevw} in the znnihilation process. This factor, however, 13 no hv itsalf su.iv :
ficient to sccount for the large differeace whan we racall that for thae p-p imer-:-.
action at 5.3 Bev bambsxd:ng eRETFY, whers the center-of~inass. emerg;r ig
the total cross section ie actually somewhat leasg" ’ than that at 6.8 Bev bom+ © I,
barding energy., 1 Therefore) the large magnitade aﬁ the mmlomx-asntinuﬁlnoﬂ o
be 2 characteristic of the basic mxr-leonamtmucleon interaction. Au interesnt-
ing approach in arviving st o theoreticalx fo“;xmiauon for at\ch an im.erauiorx

w12 ;

In the description of T;zghnenergy nucleon -nuclevn and pion-nuctecn
coliisions it is oiten convenieni {0 spsak of & radius of intevaction. This ié
meaaingmi if the wavalength of the interacting particles is somewhat lesa ;:bas-‘
the radivs R obtained for example, by selting ﬂRa = @ oo wherm o is. ﬂge ;
measured fotal cross section. ‘Proceeding similazly, we ses that the a.ntip,voum-, e

betweesn duc!eoua in the nm:!.eusa gs that we expect the nuclans to be relatw'e!‘y

determmed by intevaction with nacieonm bn the surface. Cmsbqueﬁtly, ia inter~' - ¥
actions with puclei the ratio between the erons saction for aminurieons and
that for uwuclepns is supected fo be smalier for the heavier aneled. Thig iz
consistent with our ohearva tion ﬂ:u the inelastic satipioton~lead cvoss section
iz ounly 1 to 1.5 timmes the proton-lésd crose section measured by Chen, lLeavitl,
and Shapizo, e whils for the lighter slemnente the mr?m is abomi 2.

‘ The yield of avtiprotone prodecerd e o e wa protons Aah.ixknt WP D

a Beryllivm taz;e\ iga stzofty function of & rt*p- Bicn e:z**r"gy 2nd'is.in falr

a“;

agreoment with the phasdegpate cal ."p RO
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"~ Fig. 1. Auntiproton selecting system. &y through Qg are threec-alement qusid=

g 5

i through ¥
are plastic scintillation counters. - Sk
Fig. 2. Block diagram of basic electronics. A through L are scintillation

sounters; C 1 through Cg are coincidence circuits; D i thzough D 4 e dis-

rupole iemaes and A, and A, are beam -deflecting tiagaets.

eriminatora. M, and M, are monitors of the internal target and the mag-
netic channel flux, respectively., Awmplifiers are not shown,.

Fig. 3: Delay curve of time-of-flight selector at 1.4 Bev/c, Caleulated delays
for %~ wmeeons, X mesons, and a.ntiptctvms are shown on the horizongal
axis, Coincidence C,C, is made betwoen the outputs of th:a. two threefdld"
coincidence circuita.

Fig. 4. Diagzam of liguid hydrogen target consipruciion,

Fia., 5. Layout of altennation sxperiment with hydrogen target. ;

Fig. 6. Total antiprotom-proton cross-section zesults, Uncortaicties given are
statistical only. Cress sections for p-p and p-n interactions are shown
for comparison. | s %

‘Fig. 7. Liquid scintillstor iarget assembly. The dasked outlines indicate

the locstion. when in place, of waler lnserts of target material.
Fig. 8. Pulse-height spectra in X for lacident .4-Bev/c antiprotons, '!‘ha
330 eventa are aeparated scecording to whether or not a coinecident count
_ occurred in a nciﬂtﬂlamz,, L, which snbtsnded a2t ¥ an angular balf wﬂd\m

 of 2.65°, i (vl
Fig. 9. Pulse-heighi spectra in % for incident i.4-Bav/c auntiprotons. These

1959 events are also separated as in ¥Fig, 8, but with L subtending ahal!
angle of 25% in this cave. o :
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