
P H YS I CAL REVIEW VOLUME 157, NUMBER 4 20 MAY 1967

Interactions of 3.7-GeV/c Antiprotons with Ag and Brt'
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Stars produced in low-sensitivity nuclear emulsions by 3.7-GeV/c antiprotons are compared with stars
produced by protons of about the same momentum. The reaction cross section of the antiprotons is 880 mb
for production of stars which can be identified as originating in Ag or Br (410 mb for protons). Then-particle
and light-fragment prong distributions show that the antiprotons produce larger stars and therefore deposit
more energy in the target nuclei. The production cross section for n's is 2750 mb; for light frag-
ments (3&~Z~&6), 710 mb; for Li' fragments, 29 mb. For proton-induced stars, these cross sections are
960, 270, and ~4 mb, respectively. The angular distribution of the recoiling residual nuclei is considerably
less forward-peaked for antiproton irradiation. a-particle spectra show that antiprotons yield a broader
distribution and relatively more low-energy particles. The angular distributions of both o. s and light frag-
ments are, respectively, very similar for the two types of irradiation.

I. INTRODUCTIO5

HE effects on complex nuclei of interactions with
antiprotons have been studied only to a very

limited extent. Very recently a paper by Bell et a/. ' has

appeared on the nuclear interactions of 2-GeV anti-
protons and negative pions with aluminum and carbon.
Cross-section ratios for production of C" from C and

Al, and of F" from Al were compared for the two dif-

ferent incident particles. The authors concluded that no
significant differences were found within the experi-
mental uncertainty of about 25%. Poskanzer and
Remsberg' reported, in a reference, a preliminary meas-
urement of the C"(p,pe)C" cross section for 2.8-GeV
antiprotons. The value is 30%9 mb and it may be com-

pared with 27.It. mb for production of C" by incident
protons of the same kinetic energy.

Although these fragmentary results do not show any
substantial differences between the effects of interaction
with antiprotons and protons, or pions, certain dif-

ferences are to be expected because of the antiproton-
nucleon annihilation process. In fact, it is instructive to
compare (Table I) several pp cross sections with the
corresponding pp cross sections. ' ' The antiproton
annihilation cross section is included in 0-;„,l. At 2.5-GeV,
it is 34 mb while the inelastic cross section without

aimihitutioe is 19 mb. Interactions with neutrons have
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approximately the same cross sections as interactions
with protons at incicent energies above 400 MeV. It is
seen that at relatively low energies (in the few hundred
MeV region) the total cross section for pp is about six
times as large as for the pp interaction, while the elastic
cross section is about twice as large. At higher energies,
these differences diminish, but at 2.5 GeV the pp elastic
cross section is still 60% la, rger and o;„,i is 80% la, rger
than the corresponding pp cross sections.

During annihilation, an average of five or more pions
are produced. ' When this occurs in a complex nucleus
some of these pions may be reabsorbed with the de-
position of a large amount of energy. Thus one might
find that antiprotons are more likely than protons to
induced nuclear reactions which require higher excita-
tion energies. Perhaps fragmentation would be more

prevalent, and perhaps the production of lower-mass
residua, l nuclei would be more probable. To test these
ideas, low sensitivity nuclear emulsions were irradiated

by 2.9-GeV antiprotons. The stars produced in the Ag
and Br were analyzed in the same way as was done
earlier'~" when the incident particles were protons.

TABLE I. Comparison of antiproton-nucleon and proton-nucleon
total, elastic, and inelastic cross sections (mb).

Z(lab)
(Gev) fidel fTinc 1 0'e 1 fr inc 1

0.1
0.4
0.6
1.0
2.0
2.5
5.0

20.0

180
120
115
96
78
75
59
48

64
44
40
30
24
22

116
76
75
66
54
53

26
26
36
48
4.5
43
41
39

26
24
25
21
16
14
10
8

2
12
27
28
29
30
30

a Annihilation cross section included; at 2.5 GeV, this amounts to 34 mb.
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TABLE II. Summary of cross-section data.' stars produced by 2.9-GeV antiprotons and by 3,0-GeV protons.
Statistical uncertainties can be estimated from the observed numbers of stars and tracks.

Type of star
2.9-GeV antiprotons

II III Total
3.0-GeV protons
II III Total

Stars observed, number
Fraction of total stars
Stars, cross section (mb)

n particles, corr. number'
~'s per star
n's, cross section (mb)

Light fragments, corr. number'
Fragments per star
Fragments, cross section (mb)
Fragments per 0.

Lis, observed number
Li', corrected number'
Li', cross section (mb)

347
0.55
480

1093
3.15
1510

259
0.41
360

851
3.29
1180

505
1.95
700
0.59

15
21

~29

27
0.04
40

43
1.6
60

633
1.00
880

1987
3.14
2750

511
0.81
710
0.26

15
21
29

272
0.53
220

647
2.38
520

177
0.34
140

407
2.30
320

295
1.67
240
0.72

13"
4.3"

65
0.13
50

155
2.39
120

41
0.63
30
0.26

514
1.00
410

1209
2.35
960

336
0.65
270
0.28

13b
4.3b

a Corrected for particles leaving the emulsion.
b A total of 2158 proton-induced stars were scanned for hammer tracks; the corrected number is normalized to 514 stars.

As will be discussed below, evidence was found that
antiprotons do lead to higher excitation energies in the
struck nuclei.

II. EXPERIMENTAL

The separated 3.66-GeV/c antiproton beam which
was used at the Brookhaven AGS has been described
previously. ' The purity of this beam" was about 95%.
In the vertical. plane it was 0.3-cm high and in the
horizontal plane 5.0-cm wide (total width at half-
intensity). Ilford K.O and K.—1 nuclear emulsions,
200-p thick, were irradiated for 3.9 h with the antipro-
tons entering at 20 to the surface. Each of these plates
was covered with an Ilford G.S pellicle, 100-p thick, in
order to monitor the incident antiproton beam. In
addition, another G.S pellicle was exposed perpendicular
to the beam for more accurate monitoring and for
measurement of the intensity distribution. A minimum
of wrapping and supporting structure was used for the
plates in order to minimize effects due to secondary
particles.

The plates were processed in such a manner that both
K.O and K.—jI emulsions had the same effective sensi-
tivity. Protons did not register tracks; only n particles
and heavier fragments were recorded. The stars which
resulted from interactions with Ag and Br nuclei were
identified by the same criteria that were used in earlier
work io, ii A total of 3.60 cm was area-scanned twice,
and 633 acceptable stars were found. The scanning
efficiency was 95%. The stars were classified into three
types: group I, in which only a particles and a recoil
were observed; group II, in which light fragments
(3 &~Z~& 6) were observed in a,ddition to the n's a,nd re-

"The beam layout is shown in Fig. 1 of Ref. 5. This experiment
was located in front of slit No. 4. The possibility of neutron con-
tamination is ruled out by the fact that the star density in the
emulsion follows the same narrow distribution as the beam tracks
recorded in the G.5 pellicle.

coil; and group III, in which two short, very heavily
ionizing tracks are seen rather than one recoil."

The G-.S pellicles were carefully scanned for beam
tracks over the area which was used in the insensitive
emulsions. The method of scanning was similar to that
used previously for C"(p,pe) C" cross-section measure-
ments. "About S 000 tracks were counted in the pellicle
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Fro. i. Prong distributions of e particles and light fragments.
The hisotgrams are for antiproton irradiation, the smooth curves
and the points are for proton irradiation.

'4 In previous papers (Refs. 10—12), type-III events were called
"fission. "It was estimated that the most probable mass for these
"fission fragments" is in the neighborhood of 35 amu. P. A.
Gorichev, O. V. Lozhkin, and N. A. Perfilov (Zh. Eksperim. i
Teor. Fiz. 45, 1784 (1963) I English transl. : Soviet Phys. —JETP
18, 1222 (1964)g} have estimated that one of the two fragments in
this type of event is of somewhat lighter mass while the other one
is the residual recoil nucleus. Therefore, they classify these events
as fragmentation."J.B. Cumming, G. Friedlander, and S. Katcof'f, Phys. Rev.
125, 2078 (1962).
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FIG. 2 D.Distribution of recoil ranges of residual og
ia ion; curve with points —proton irradiation.

exposed perpendicular to the beam d 4000
'

pe icles exposed at 20 . The mean 6 fmean ux o antiprotons
was 4.3)&10' per cm' accumulated in 3.9 h.

produce larger stars; antiprotons deposit substantially
more energy in complex nuclei than protons do. It is
dificult too compare the relative excitation energies
quantitatively because of the st r- 1 t's ar-se ection criteria. If
we assume that the fraction of unobserved stars is the
same in both cases, the o.-particle data indi

one- ir arger mean excitation energies are
produced by the antiproton irradiation. On th h

, i we assume that the total reaction cross sections

o.-particle data suggest a mean excitation that is about
80% larger when the projectiles are antiprotons.

The cross section for production of hamm t k
y i j is about sevenfold higher in the anti roton

irradiation ~Table II ' '
raa e, . For light fragments in general

it is onl 2.6-fold.
'

y . - d higher. This observation suggests that
7

neutron-rich products are more probable when tar ets

rather than the positively charged proton. In effect, it
is as thoug Z of the target were decreased b t

ou changing its mass. This is equivalent to in-
creasing the neutron to proton ratio E/Z from 1.26
to 1.37. It has already been shown" that such a change
in increases the cross section of I.i' b f

' no i ya actorof

III. RESULTS AND DISCUSSION

From t e number of stars observed and th de measure
x o . — e antiprotons, the star-production cross

isis to besection was calculated to be 880~100 mb. Th'
compared with 410~50 mb for st d d b
. -GeV incident protons" The total

section of Ag with 430-MeV antiprotons is 1630 mb
500 mb are due to annihilation. '~ The total

reaction cross section with 430-MeV protons is 1050
mb. Similar data are not available for higher antiproton
energies.

More detail ddetailed comparative cross section data are pre-
sented in Table II. The O.-particle production cross sec-
tion is almost three times as large when the incident
particles are antiprotons. Even on a p t b, bers ar asis, a out
one-third more o. s are emitted. The differences for
emission of li ht fro ig ragments are not quite as large, but

of the n particles and light fragments are compared for
proton and antiproton irradiations. "Clearly the latter7
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' Prong multiplicities were obtained b consideri
steeper tracks and those that left the emul

'

this procedure appears t b f
a s per star computed from the ron multi7

h h 1e va ues given in Table II. For the li ht fra-

abo
ments, this procedure underestimat th b p

ut 30'Po. However, the comparisons of the ron m l
'

es e num er per star b

f-- h"nt'p"t -d h t dn n e proton zrradiations are entirel valid
since the same procedure was used in b th .T'in o cases. The results given

I

Oo I 80'

here for the 3.0-0eV proton bombardment (Table II and Fi . 1
l. er slightly from those given previously (Ref. 11 because

the correction for small unobs d
19

no serve stars as been omitted.
I. Dostrovsky, R. Davis, Jr., A. M. Poskanzer and

Reeder, Phys. Rev. 139, 81513 (1965).
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It should be noticed in Table II that the cross sec-
tions for production of type-III stars (characterized by
two short very dense tracks) are about the same for
both types of incident particles. On the other hand,
type-II stars (light-fragment stars) are much more
probable per incident antiproton than per incident
proton. In addition, for the antiproton irradiation,
type-III stars are deficient in n prongs by about a factor
of two in comparison with the other stars; for the proton
irradiation the number of n prongs per star is indepen-
dent of star type. A similar effect is indicated for the
light fragment prongs in type-III stars, but the statis-
tics are very poor. These differences in behavior support
the idea that stars of types II and III are produced by
different mechanisms. '4

Because of the somewhat higher number of emitted
particles per star, one might expect some increase in
the mean range of the recoil nuclei. This seems to be
the case. For incident antiprotons, the mean range is
4.5&0.1 p, , compared to 4.2~0.1 p, for incident protons.
Both recoil range distributions are shown in Fig. 2.
The angular distribution of the recoils (Fig. 3) is not
as forward-peaked for an antiproton irradiation. The
forward-to-backward ratio is 1.4 rather than 3.0 (for
proton irradiation). This is related to the fact that for a
given momentum transfer from the projectile, more
excitation energy is deposited in the target nuclei in
the case of antiprotons. Consequently, a higher pro-
portion of the recoil momentum results from particle
evaporation, and this portion is more nearly isotropic.
Furthermore, peripheral interactions which lead to high
excitation are considerably more probable for anti-
proton bombardment.

The normalized spectra of the emitted 0. particles
are compared in Fig. 4. The spectrum which corresponds
to the antiproton irradiation (histogram) is broader and
it shows relatively more low-energy n's. Again, a higher
nuclear temperature is indicated. The angular distribu-
tion of the 0, particles with respect to the beam is shown
in Fig. 5. Although there seems to be a peak near 90,
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the statistical errors make this uncertain. Table III
shows that the forward-to-backward ratio (1.25) may be
slightly larger than it is in 3.0-GeV proton irradiation
(1.09). The corresponding difference for tow energy
n's (~&10 MeV) is much greater: F/8=1.12 for anti-
protons and 0.59 for protons. As with proton irradia-
tion, ""these low-energy o. particles tend to be emitted
in the backward direction relative to the motion of the
recoil (Fig. 6).

The angular distributions of the light fragments for
both proton and antiproton irradiations are shown in
Fig. 7. Although the statistical errors are large, both
distributions look similar and show what has been
considered" to be a dehciency of emission in the more
forward directions ((60' laboratory angle). This effect
has been related to light fragment emission on a fast
time scale and to a reduced probability for very energetic
interactions near the forward surface of the nucleus.

0 i l I l I I I t .l l l I l l I
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Fn. 5. Observed angular distribution of n's with respect to
the beam. Histogram —antiproton irradiation; curve with points—
proton irradiation.
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TABLE III. Summary of forward/backward ratios.

Prong and reference
direction Antiprotons Protons

IV. CONCLUSION

It has been shown that when antiprotons interact
with complex nuclei very large amounts of energy may
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Recoils to the beam
n's(&~50 MeV) to beam
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1.41~0.13
1.25&0.08
1.12&0.12
0.57+0.05
0.37a0.05
1.3 +~0.2

3.0 &0.4
1.09&0.09
0.59&0.09
0.53+0.05
0.28&'0.05
1.8 &,0.3

Fxe. 4. n-particle spectra. Histogram —antiproton irradiation;
curve with points —proton irradiation. "N. T. Porile, Phys. Rev. IBS, 8371 (f964).
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FIG. 6. Observed angular distribution of the low energy n's (~& 10
MeV) with respect to the recoil. Histogram —antiproton irradia-
tion; curve with points —proton irradiation.
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I'"rG. 7. Observed angular distribution of the light fragments with
respect to the beam. Histogram —antiproton irradiation; horizon-
tal bars with points —proton irradiation.

be deposited. The mean excitation energy at 2.9-GeV
incident kinetic energy is substantially higher than for
comparable proton irradiations. n-particle and light-
fragment emission are considerably more abundant.
Therefore, the lighter residual nuclei, those farther
displaced from the target, should have relatively higher
cross sections, while those with masses close to the
target should be relatively less abundant. Further-
more, the products may tend to be somewhat more
neutron-rich.

The radiochemical studies of Bell et a/. ' failed to
demonstrate these effects because of low beam in-

tensity and unfavorable targets and products. When
more intense antiproton beams become available, the
radiochemical experiments should give definitive results.
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