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ABSTRACT
The interaction of ll.Of-. 1.25-, and 2.0-Bev antiprotons with protons‘
has been studied with the aid of a 4w solid-a.ngle scintillation-counter detector
system., The measured total cross sections at the above energies are 100,
89, and 80 mb, respectively. At each energy, the éharge-exchange Cross
section is approximately 5 mb. The total elastic cross sections are 33, 28.
and 25 mb, respectively, at the three energies. Thé angular distribution of

elastic scattering has been fitted with a simple optical-model calculation.



3 UCRL.-8851

ANTIPROTON-PROTON CRCSS SECTIONS
AT 1.0, 1.25, AND 2.0 Bev -

Rafael Armenteros, 1 Charles A. Coombes.§ Bruce Cork,
Glen R. Lambertson, and W. A, Wenzel

Lawrence Radiation Laboratory
University of California
Berkeley, California

March 21, 1960

INTRODUCTION
At anﬁiproton enérgif;a of } Bev and lower, the antiproton-proton
total, inelastic-, and elastic-scattering crosa sections are considerably

1-6 It is

largei than the corresponding nucleon-nucleon cross sections.
of interest to discover to what extent this difference persists at higher .
enzrgies. The present experiment was designed to carry the meaeurem_ents
of the p-p cross sections té. the highest energy at which an appreciable yield
of antiprotons is expected from the Bevatron. Measurements of the elaahtic.
inelagtic, total, and charge-exchange érosm sections were mada at antiproton
energies of 1.0, 1.25, and 2.0 Bev. 'I‘hé method involved the use of |
scintillation counters arranged io form a 4w solid-angle detector similar to

that used in two previous antiproton experimentsa. 3

=°I'.l‘hia work was done under the auspices of the U. §. Atomic Energy Commission.

1'C)n leave of absence from Conseil Nucleaire de Recherche Scientifique and

Laboratoire de Physique, Ecole Polytechnique, Paris.

Spresent address: University of Idaho, Pocatello, Idaho.
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I. ANTIPROTON BEAM
- The beam channel (Fig. 1) thch carried tixe antiprotons from the
Bevatron to the liquid-hydrogen target was similar in deéign to that described
by Coombes et al. 3 Negative particles‘t‘rom an internal beryllium target in
the ~Beyat.ron were focused by an B-in. quadrupole lens, Ql' A horizontal
image of the target waslfox;med at the entrance to Q,, which defined the
momentum width of thé beam. A vertical image of the target was formed at
the entrance to deﬂecting;n’zagnet‘ M At this point a partial separation of
antiprotons and fast ﬁaﬁicies was achieved at the two iower energiea by means
of a éo;f_t parallei—f}laté vg:_locity 'sélectgr made from two of the 20-ft separators
described by Coombes et al 3 ‘Besides removing the disperaién of the Bevatron,
deflecting magnet M defined the momentum of the beam. Steering magnet C 1
was adjusted to diréct into the channel particled of the desired momentum from
one of three internal targets. These targets were located so that for any
momentum in the range of inte:_rest. particlea emitted near .. the forward
direction could be aelecfed. The 4-in, quadrupole gsystem Q3. e Q?'

conveyed the beam through a system of defining counters to the iiquid-hydrogen
target. Deflecting magnet C, removed positive particles and off-momen;um
negati‘vev particles formed by interactions earlier in the systém. The beam
emerging from Q7 wan well-collimated. Measured 15 ft beyond Q7. the width
of the bearn, both vertically and horizontally, was about 2 in.

Antiprotons in the beam were identified primarily by time of flight.
The pulses from six ¢ by 4-in, scintillation counters (A through F of Fig. 1),
mixed in two fast threefeid coincidence circuits, were used at the two lower
momenta, At 2.0 Bev, two other counters (G and H in Fig. 1) were added.
These were inserted early in the beam channel, and the tirhe -of-flight distance
uéed was increased from 90 to 120 ft. An additional fast coincidence circuit
including signals from G and H increased the discfimination against unwanted

particles.
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In addition to thel time-of-flight system, the pulse from a gasa
é/@renkov counter (Fig. 2) connected in anticoincidence into each of the fast
coincidence circuits was used to reject pions, muons, and electrons. Operated
at 180 psi of methane, this counter did not respond to K~ mesons and antiprotons
in the beam. Methane was selected as the Cerenkov ra&iator becauge of its
relatively large product of index of refraction ti_rxies radiation length. The loss
"of particles from abéorpﬁon and scattering ih the 6-ft gas counter was very
pmall.
Separation of antiprotoné from background pafticles was most difficult
at the highest energ‘y ("J."}.5 = 2.0 Bev). Figure 3 shows the yield at this energy .
of detected particles in the beam as the tuning of the time-of-flight system
was varied. The point marked n was obtained without the pulse from the gas
counter. It gives thc{a relative number of pions, muons, and electrons in the
heam.. With the signal from the .gas counter in anticoincidence, the detected
yield was reduced by a factor of about 104. From the s?mmetry of the delay
curve about the time of flight of the K™ meson, it is probable that most of these
par"ciclem detected with the tuning set for fast particles are K mesons. There-
fore an upper iimit of ‘10'4 can be set on the inefficiency of the gas counter as
a deteétor of fast particles., | |
From the solid delay curve of Fig. 3 it iz not obvious that the K mesons
and antiprotons are cleanly separated. The dashed curves indicate the expected
shape of the yield curves for X mesons and antiprotons, respectively. These
curves were determined from the delay curve for fast particles, as measured
without the gas Cerenkov counter. A characteristic of this curve is that on a
semi-log plot, it ig convex downward in the absence of background from
accidental coincidences. The background due to accidentals isfnégligfible as a
result of the high efficiency of the gas counter for rejection of the faét particles

in the beam. ’I'herefore; using the dashed curves as a basis, we believe that
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‘thei'e is less than 1% con@amihation of the selected antiprotons. The beam

characteristics are given in Table I for each momentun.

II. EXPERIMENTAL PROCEDURE
The experimental prc;cedure was similar-to that described by
Coombes et al. 3 The liquid~-hydrogen target (Fig. 4) was completely surrounded
by a gufficient number of scintillation counters to distinguish interactions
according to whethei they were elastic .scattevrings. charge exchanges, or
inelastic processes. The mdltiplicity of counters was increcased considerably
over that of the previous experiment to pefmit measurements at high energies
of the e‘lastic-scattering cross section at small angles. The s-ignal' from
each c::ox.‘mte‘z~ wag fed into avmultichannel coincidence circuit where it .was
mixed with a 20 nizzi-s:sec gate formed when an antiproton entered the hydrogen
target. The gated sigﬁals were added along a 125-ohm trangmiasion line,
displayed on the trace of a Tektronix-~517 oscilloscope, and photographed on
35-mm f{ilm. In this way the signal from éach of 40 counters was recard‘ed.
for each antiproton detected. Preliminary classification of events was made
as follows: |
| (a) A count in the "good geometry” coﬁnter t ‘indicated no interaction.
(b) A count in the backward cdunters...a. indicated an im;lastic
interé.ction. | |
(c) An event in which three or more particles were detected was
inelasgtic,
(d) If two particles were detected, the event was inélaétic or elastic
depending upon whether or not the kinematics for an elastic event we‘re satisfied.
Use of the q and 8 counters together permitted accurate angular definition at

large angles in spite of the 'length of the hydrogen target.
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Table I

—=o-

Dear characteristics. The momentum bandwidth was & 6%. All quantities
were mecasured at the exit of the magnet channel and correspond to operation
with the velocity separator off. Operation of the separator at 360 kv reduces
the flux of fast particles by the factor shown. The measured K~ yield was
corrected for decay in flight, and the value.s given correspond to production
yields at the Eevatrén target. The n flux was not corrected for decay in

{flight or for electron contamination.

Average Solid | Scparator
momentum angié /P ‘ ﬂ'/p ‘ | o rejoction
(Bev/c) a0-3 (0712 (0% /v K /v factor
(:3%)  sterad) £40%)  £40%) (10°°) (¢ 40%) (¢ 307)
1.7 0.40 60 1.3 4525 0.028 3

2.0 0.33. - 60 L2 48.:3:5 0.015 2

2.8 0.50 15 0.9 1525 0.009 -

—
e

|
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" (e) No count in any of thea, q, r, 8, Or t couni:ers indicated a
char’geﬁexchar.xge. | | |

Corrections were made according to the methods outlined by
Coombes et al for accidentzls, self-absorption in the counters, and counter
inefficiencies. 3 Differences / bﬁ;‘gsggen in and out permztted background
. subtraction. Total crogs-section measurements were corrected for forward
‘_:scatt'ering by means of the optical theorem relating the imaginary part of
- the forward-scattering cross section to the total cross section. The experi-
~mental cross sections are given in Table Il. Figures 5, 6, and 7 show the
meaaured angular distributions of the ela.atm scattering at each ener”y.

’I‘he charge-exchange cross sectmn 28 measured in this experiment
was the "elastic" charge-exchange cross secti‘on. From the deﬁnition given
above of the charge-exchange events, it is clear that somé contamination
of the chargei-.-exchange events could have come from inelastic events,
including annihilations into neutral pariicles. This is true partly because

the lead converter surrounding the hydrogen target, which was required for
| the detection of the y-rays from 20 decay, co{rered énly the back half of the
center-of-mass solid angle. The amount of contamdination of the charge~ |
excha.nge cross section due to inelastic processes can be estimated ag follows.
For §~p interactions, backward-forward symmetry of wo production fc:»llow&E
from invariance under charge conjugation. By comparing the number of

' (inelastié) events in which only the back countere counted with the number of

inelastic events in which only the forward counters counted, we can determine .-

how often the lead converter is required for the detection of an inelastic
event. From this we can estimate the probability that an inelastic event was
not detected and was classified as a charge-exchange. _y Contamination from
this effect am‘oimts to at most a 1-mb error in the cross section. This has

been included in the errors given in Table II

e



Table I1

p——— —— ——  ——— ———— — —

Antiproton-proton cross sections. The forward scattering correction has been made with the use

~of the optical theorem. The indicated errcrs are both statistical and systematic in erigin.

Obsgerved Minimum Corrected Charge-

Total elastic cutoff I- Forward- | elastic exchange Inelastic
Kinetié cross - cross ' angle ~scattering cross crdea v Cross .
energy section sectioi:_  {deg _ correction séction pection section
(Bev) (mb)  (mb) c.r.) _ (mb) _ {mb) (mb) {mb)
1.0 £.05 10623 31s2 5.4 2 s3ez st 6223
1.252.07 894 262 5.7 2 2822 421 5724
2.00£.00 80%6 2244 6.3 3 2564 672 1926

[l ey

1688-140N
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IIl. CPTICAL MODEL
An optical’'model was used to fit the expérimental ér_oss sectior}s of
- Table Il and Figs. 5, v6. and_?..? The ray model, in which the qumma.tion
. over angular-momentum states is done in integrallform. was used. A purely
absorptive interaction was a;sumed. In this case, the _elastic and total cross

sections respectively may be written

Og =27 j [1-aeN? psp (D
and ‘

N B

L L

where p is fixe projected &istax‘xce from thfev céhter of the interaction measured
on a plane perpeqdicﬁlar to the direction of initial motion, and a(p) is the
-amplitude of the antim_xciebn wave after transin;saion of the region of interaction.

The amplitude for elastic scattering through angle 0 is given by

0

jE'(e) "k jo (1 - a(p))J, (2kpsind/2) pdp, 3y

‘where k is'the wave number of the nucledn in the center of mass, and Jo is -
the Bessel function of zexoth order. The form of ihe argument of Jo is that
' recbnﬁrhended .by Glauber. s |
Two different models were tried:
(1) Gray disk. For this model we have a(p) = a, for
p <R and a{p) = 1 for p > R. The results for the gray disk are similar to

those for a gray sphere; and calculations are easier.
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(2) Short range black disk with outside region of decreasing

absorption. For this model we have a(p) = 0 for p <R, and

2 n. 2 2 , :
afp) = 1 e-(p Ro )/Po for p > R;. For each model two parameters

are determined from Figs. (1) and (2). At each energy, values found for

84 and R i{n Model 1 and Ry and p,y in Model 2 are given in Table IIL
With these values and Eq. (3), angular distributions were calculated. The
5, 6, 7 ’

solid curves of Figs./ are for Model 1; the dashed curves are for Model 2.
The experimental resﬁ_ltg appear to favor the interaction that fallas off slowly
with the radius over the one in which a sharp boundary exists. At lower
energies, 3 on the other hand, it has been shown earlier that the black-sphere
approximatioﬁ gives a good fit to the data, The significance of these results
ig limited to some extent by approximations and assumptions made in applying
the optical model. At low energies, for example, the numbaer of partial
waves reéﬁirad to defscribé the interaction is amall. 9

For the present analysis we have neglected potential scattering.
While thia' probably has little effect on the large forward scattering, it -

may contribute a significant part of the large-angle scattering. It rhould

be noted that in this experiment we have

& Jgo0) , 4%tr-0) -
measured dia o :

for 30 deg < 0 <150 deg. This follows from the kinematic symmetry of
the interaction in the center of mass and the fact that the energy is high
enough that antiprotons scattered at a‘ngles(aa large as 150 deg may escape

from the target.
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Table III

Optical-model parameters 2 and R are the transmission parameter and
radius characterizfic of a '"black disk" interaction used in the {irst model
described in the text; R, a‘nd-po ara the radii chgracteiistic of the second

. vn-mdv'él discusged in the text. This éonaists of an opaélue core and a longer-
range tail of decreasing opacity., The radius at which the opacity | (=1—a2)
of Modol 2 falle to one-half ia P ’i‘he indicated errors are derived only

from the errors in the crogs-section measurements.

Ty Y R Ry 0 @

(Bev) 00 %m0 l%em)  (10713cwm) (10713cm)
10 034503  L55x.02 0.735.06  1.03£.03 1.424.04
L2s o.am'.os 1.50%.02  0.614.08 1.025.05  1.36£.04
200 0.385.07  L432.08 0.57£.17  0.98+.07 1.332.09
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IV. DISCUSSION
In I‘ig,. 8, the experimental p-p total, elastic, and charge-exchange
cross sections are plotted. together with the results of other erperiments
in which the energy dependences of the cross sections were maasured. The
total pp and np cross sections at correspohding energies are shown for

1

comparison. 'I‘he results o£ the present experiment are i{n good agreement
with those of Elioff et al. for antiproton energies near 1 Bev.(? '

"As with _the»measu_re‘d nucleonr-ngcleon interactions. it is 'expectec'l '
that the character _(;1 _t’hé antini;élébx;x-nuclec;n interaction will change at
energics .ab:ow.re"thfelgshol.ci_fér plon pr§dncti0n. For this reason, optical
Model 2 is sbrxiew#xét more 'aijpeaiihg than Model'i because it provides for
an interactior; regioﬂ of low o'éacity‘and' large radius comparable {.vith the
Compton wave length of the pion. lt‘:has been s‘hown' that such an interaction
can account for the observed proton-proton Cross eections at high energies, ‘9' 11
provided that it is supplemented by a strong short-range potent1a1 interaction

whose effect falls off with energy. If Model 2 is used to describe the present
expérixnent.‘ the short-range, strongly absorbing region is 'preaumably. ‘to'
be associated with the annihilation interaction. However.} the values of Ro
and p, in Table III should not be interprsted too literally. The indicated
erfors are related only to the errors in 0, and 0, and some additiodal .
‘variations can be made without causing serious disagreement with the .
angular distributions of Figs. 5, 6, and 7.

| The inelastic p-p cross section include;a annihilation, pion production,
and possibly other processea. In this ‘exp_eriment theae are not distinguished
directly. However, there are kinematical diff_erencés that under éertain
assumptions would allow us to distinguish the annihilation events from

othor inelastic events. For example, it may be possible to separate to .

somae e\ctent annihilatmn from inelastic pion production by metns. of
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multiplicity.‘ For annihilétion. the multiplicity is known to be high. Insofar
ah only t_he exterior pion cloud is i'nvolved.' we might expect that inelastic
piqn production is similar for. the nucleon-nucleon and antinucleon-nucleon
intgle:ractions. There ére. however, differences between the pp and pn
interactions. For the PP intjeracﬁon. which occurs in a pixre T=1 state,
the cross sectipn for sﬁxglg-pion production rises rapidly above threshold,
presumably dﬁe t¢r> the forfna.tiph 6f .the T=3/2 isobaric state. For the pn
interé;ction which oci:uz"'s. half the time in T=0 and half the time in T=1, the
pion-produci;iojn cross, stecitio'n rises more slowly with energy just above
threshold., At 1 hBev:. or;‘ the other hand, the inelastic pn cross section is about
21 mb, only slighﬁly,l‘egb'thah_ihé inelastic p-p cross section at the same
energy. Sinca the fip iﬁtgz{act_‘idn also occurs in a ha.lf-a.nddfali mixtaure of
T=0 and T=1, Qa might.expéic't that inelastic pion production is more nearly
like pn th_a.n pPp- . ‘At 2 Bev; 'tWo-pion production predominaﬁea strongly ih the
| inéla.mtic" pn interactioq, 13 'Becausse of the possibility that two-pion production
{s important, it is doubtful that an effective separation of annihilation and |
inelastic pion production can be made in the 1- to 2-Bev energy range on the
bagia of multip}icity.’ |

In the 400- to 700-Mev range fhere is diaagreement between the results
of Cork et al. ! and Elioff et al. 6 Taken t&gethar with the results of Coombes
et al, 3 for energies beiow't&oo Mev, the results of reference 6 imply a
relaﬁvely large crogs section for pion production, while the lower total cross
section found in reference 1 would indicate very little' pion production just

above threshold.
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V. CONCLUSIONS

The inelasti;c. elastic, total, and charge-exchange cross sections
fall slowly with energy for antiproton energies u;S to 2 Bev. At 2 Bev the
elactic, inclastic, and total cross sections are still considerably larger
than the correaponding nucleon-nucleon cross sections. If it is assumed
that the pio'n-production cx;oss section i8 the same as for the corresponding
nucleon-nucleon int’exactio"n at the. same energy. then the pp annihilation
cﬁosa section at 2 Bev ia'aﬁéut 25 mb.

At encrgies ble}.ow thfeshold'for pion production, the experimental
repults have been fit very well by the semiphenomenological model of Ball
and Chew. 9 Relatiﬂmtié limiiatiqna of fha potenﬁal formalism restrict the .
use of the Ball-Chéw model to low energies. For the preaent experiment,
the inelastic cross secéioﬁ and the differential élgstic-scattering cross ssection
have_ been {fit by an optical-model calculation. A good ?it ’can be obtained by
,amamniﬁg a purely absorptive interaction of range about equal to the pi§n
Compton wavelength and congisting of a totally opaque core of range 0.6 to

-13

0.7+ 10 cm surrounded by a region of lowaer opacity.

A theorera due to Pomeranchuk predicts with a few plausible assumptions

that the difference between particle and antiparticle cross sections vanishes in

14 This prediction is in agreement with measurements

at Bevatron energies of the charged-pion-nucleon interactions. l.‘s' 16

the high—energy limit,
The
theorem is obviously not satisiied for the nucleon-nucleon system for energics
up to 2 Bev. Because of the greater mass and complexity of thé fundamental
particles involved, and because the annihilation process plays an important
role, it right be expected that cross-section measurements at still higher
energies are required to test Pomeranchuk's theorem for the nuclé_on-nucleon

and the antinucleon-nucleon interactions.
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FIGURE LEGENDS

Fig. 1. Experimental arrangement. Here C;, C,, Vam-i M are déﬁectiﬁg
magneta. Quadrupole smalffll and Q, have S;inch apertures; Q3 - Q7
have 4-in. apertures. Counters A through F are 4-by 4-by 1/ 4.in.

" plastic scintillators used for time-of-flight meaéuremenﬁ. Counters
| G and H are 4-by 8-by l/%-ih. counters, and Eisa gas'(vierenkov
counter used to reject piona.

Fig. 2. Diagram of ﬁoﬂatf«:uctian of the gas Eerenkov counter. _

Fig. 3. Delay curve fo;‘: tﬁnéwf-ﬂight counters at 2.8 Bev/c. The curves
labgled C.l' 'Cz. ‘and 03 are outputs of threefold coincidence circuits.
Ihé bbti;om. curve is threefold coincidence between C 1° CZ' and Cs. |
The ordinate is normalized to the number of piona in the beam. The
abeciasa is the cable delay between counters G and ¥ at 2.8 Bev/c.
The point marked n~ indicates ‘the fraction of the pions that were

~ counted when the cable delay .w‘;va;.s set for pions and the anticoincidence
_éarenkov counter input was rémoved.
Fig. 4. Liquid-hydrogen target and surrounding counters. ‘The téfget
flask of 0,010-in. stainless steel was surrounded by a 0.003-in.
copper heat shield and a 0.040-in. aluminum wall in the forward

directian,(gamket details are not shown). 'Ceunﬁers 2, _t, Q) through Q5

R} through Ryg, and 8; through 8, were plastic gcintillation counters.

Aot e ——

A 1/4-in sheet of lead (not shown), between the _é., countea:é's and the HZ
target helped in the identification of inelastic events by converting
Y-rays from -aro decay.

f‘ig. 5. Angular distribution of elas‘tic scatferinga at XO Bev. The zero-
degree point was obtained from the measured total cross section with
the help of the optical theorem. It is a minimum value. é.s is predicted
for a purely absorptive interaction. The curves are from optical-model

calculations described in the text. Indicated uncertaintics are statistical only.
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Fig. 6. Angular distributions of elastic égatteringe at 1.25 Bev., -

Fig. 7. Angular distributions of elastic scatteringa at 2.0 Bov.

Fig. 8. Energy dependence of total, elastic, and charge-exchange p-p

“ ¢ross sections. Results of this experiment are indicated by open
-circle.a. The solid circles ére from Reference 6.' open squares
fra_m‘Refereﬁcev 3, and open tr.iangle’fx'am Reference 1. For comparison,
p~-pandp -~ ;1' total cross sections are shown. The uncertainties are

‘both statistical and instrumental in origin,
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This report was prepared as an account of Government

sponsored work. Neither the United States, nor the Com-

mission,

A.

nor any person acting on behalf of the Commission:

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

“ of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





