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The analysis of the interactions of ultrarela-
tivistic' cosmic-ray nucleons has provided some
evidence that these particles often emerge from
collisions against nucleons at rest with little
loss of energy (quasi-elastic collisions). It has
appeared difficult to reconcile this behavior with
the Fermi statistical model, which was the most
commonly accepted description of the ultrarela-
tivistic nucleon- nucleon interaction. Recently,
however, theoretical arguments have been ad-
vanced'~' for expecting quasi- elastic collisions.

The CERN 25-Gev proton synchrotron is an in-
tense source of monochromatic ultrarelativistic
protons with which phenomena of this kind can
now be quantitatively studied. This Letter de-
scribes the results of a first series of experi-
ments in which quasi-elastic collisions have ac-
tually been observed.

The proton beam utilized was the internal cir-
culating beam. These protons are well colli-
mated and of well-defined energy. Their energy
spread is due partly to the ionization losses ex-
perienced in the multiple traversals of the target
(-100 Mev) and partly to the fluctuations of the
top energy from burst to burst, also of the same
order of magnitude. The internal target was a
Be foil 50 p, thick and the region of the target hit
by the protons was roughly circular, about 1 cm
in diameter. 4 The protons, scattered by the tar-
get at an angle 8 = 60 mrad, first passed through

an iron collimator, 6 mm wide, 3 cm high, and
1.5 m long, placed 30 m away'; the collimated
proton beam was then momentum-analyzed by a
4-m long bending magnet (bending angle 90 mrad)
and detected by a double coincidence telescope
consisting of two scintillators each 1 cm wide
and 2 cm high, placed 25 m away from the mag-
net. The resolving power Ap/p of this arrange-
ment was about 1% and was determined by source
dimension, slit width, counter width, scattering
in the air, energy spread of the circulating beam,
and the Fermi motion of the nucleons in the tar-
get.

Figure 1 shows the momentum spectra observed
for nine values of the circulating beam momen-
tum. The scales given for the cross sections
were deduced from another scattering measure-
ment, performed with the external proton beam.
Their absolute values must be considered only
indicative, as an error even larger than two can-
not be excluded at this time.

In the first seven spectra of Fig. 1, two peaks
are well resolved. We call the most energetic
one the elastic peak, and the second one the
quasi-elastic peak. In all nine spectra a contin-
uum is also present, the quasi-elastic continuum,
extending from the largest momenta to the low-
est. Eventually, this continuum merges with that
due to the already well-known process of multiple
production.

231



VOLUME 6, NUMBER 5 PHYSICAL REVIEW LETTERS MZRcH 1, 1961

APf =0.35 +0.2
@Pm=1.0 +0.1

100- 40—

bP& =0.5+0.2
APg=1. 0 +0.1

10—
~1=0.7*0.2
~2=1.0 +0.1

8.95 Gev/c 30— 12.1 Gev/c

50

Ii

e ~ eeee eeeeQg

I al I

6 7 8 .9 10

20—

10—
L

~ ~ ~
1

~ ~ eeee
1 ii

I I I I

10 11 12

15.2 Gev/c

11 12 13 14 15

N

8
O

I
C)

0 &
Cg

6

16.2 Gev/c
ee

~e
ee

~ee
~ ~~ee ~

~eee

~ ~

APED=0. 7 *0.2
~2=0.9 +0.1

I I I I Ie

12 13 14 15 16

4 @Pi=0.7 +0.2

, AP2=1. 0+0.1

e
ee ee ~ee ~

e ~
~ ~

1 - 17.6 Gev/c

14 15 16 17 18

~ hPf =0.7 +0.2
APg=1. 0 +0.1

18.6 Gev/c

16 17 18 19

ee

l
e f)

19.5 Gev/c

buP1=0. 8+0.2
Lkp2=1. 0+0.2

21.9 Gev/c

hP)=0. 8 +0.3

eee

-eee ~
ee

2.0

1.5 ~ ~

1.0—

0.5

25.0 Gev/c

~ ~
~ ~~ ee

16 lV 18
~

19 20
I I I I eel

18 19 20 21 22

(Gev/c)

ee eee
I +a al

20 21 22 23 24 25

FIG. 1. Momentum spectra of the positive particles emitted at 60 mrad to the internal
proton beam by a Be target. For each spectrum are given, in Gev/c, the momentum of the
circulating beam (arrow), 4p& = momentum of circulating beam -momentum of elastic peak,
hp2=momentum of elastic peak —momentum of quasi-elastic peak. At 15.2 Gev/c, the line
corresponds to the spectrum observed with a tantalum target, roughly normalized to that
observed with the Be target. The cross sections are per nucleon of the Be nucleus.

We believe that the particles detected in the
elastic peak, the quasi-elastic peak, and the
quasi-elastic continuum are protons and that they
are produced in the interaction of the primary
protons with the single nucleons of the Be nuclei.
Mesons can be excluded on the ground that, at

25-Gev operating energy and 0 = 110 mrad, the
ratio mesons/protons decreases steadily for in-
creasing energy of the secondaries and is already
1j30 at 18 Gev. ' We have also found in another
measurement at 25-Gev operating energy and for
angles 6 ~ 50 mrad that the negative secondaries
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with momenta above 20 Gev/c are negligible in

comparison with the positive ones. Hyperons
can be ruled out because the particles we ob-
served must have lifetimes, at rest, greater
than -10 ' sec.

In order to be convinced that the quasi-elastic
protons were produced in proton-nucleon colli-
sions, a run was made, at 15.2 Gev/c, with a
tantalum (4 =181) target. It gave exactly the
same features as the Be run (see Fig. 1), thus
showing, within the accuracy of the measurement,
that the phenomena here discussed were not in-
fluenced by the atomic number of the target.

The elastic peak is then interpreted as due to
the diffraction scattering of the protons by the
nucleons. This is confirmed by the fact that ex-
perimentally the difference between the momen-
tum of the circulating beam and that of the elastic
peak, LP„satisfies, within the experimental er-
rors, the relation bP, /mc= ~y282 (y»1, 8«1)
which expresses the momentum loss due to the
elastic nucleon recoil. If the Fermi motion of
the nucleons in the nuclei is taken into account,
the disappearance of the elastic peak at 60 mrad
for momenta around 20 Qev indicates a charac-
teristic radius of interaction of about 1 fermi.

The quasi-elastic continuum could be inter-
preted as the result of the exchange of a virtual
neutral pion as described by Salzman and Salz-
man' and by Drell. ' The cross sections evalua-
ted by Drell are in fair agreement with those ob-
served. The quasi-elastic continuum is present
at all momenta, thus indicating an angular dis-
tribution wider than that of the elastic scattering,
also as predicted by Drell. It is worth pointing
out that the cross sections for positive second-
aries predicted by the statistical model, as eva-
luated by Hagedorn, ' are about a factor of 10'
smaller than those observed at 4 Gev/c below
the elastic peak and even smaller at the quasi-
elastic peak.

The most unexpected result is the discovery of
the quasi-elastic peak. The reality of its exist-
ence is confirmed by other measurements per-
formed at 8 = 20 mrad and at 9 = 40 mrad (Fig. 2).
The experimental layouts at these two angles
were similar to that described for 8 =60 mrad,
except that the doughnut walls were in the path of
the scattered beams and corresponded to 100 and
50 g cm ' of iron, respectively. Large errors
are introduced into the computation of the solid
angle and hence in do/dQ as the distortions pro-
duced by the fringing fields of the accelerator
are strongly momentum dependent at these angles
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FIG. 2. Momentum spectra at 20 and 40 mrad to the
circulating beam, observed with Be targets.

and not yet well evaluated. Nevertheless, from
Figs. 1 and 2 it is clear that the quasi-elastic
peak is present whenever and only when the
elastic peak is present and that the momentum
difference between the two peaks, bP„ is, within
experimental errors, constant and equal to = 1
Gev/c, independent of scattering angle and pro-
ton momentum.

The correlation between the quasi-elastic peak
and the elastic peak seems to rule out the possi-
bility that the quasi-elastic peak is due to the ex-
change of a single z', enhanced by the well-known
resonances observed in the pion-nucleon interac-
tion for pion total energies around cd~.

Following a suggestion by L. van Hove, the ob-
served features could instead be explained by
assuming that the quasi-elastic peak is due to the
diffraction disintegration of the target nucleons
induced by the ultrarelativistic protons. Repeat-
ing for the nucleon-nucleon interaction the argu-
ments discussed by Qood and Walker' for the
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nucleon-nucleus case, it is possible to predict
that the diffraction dissociation of the target nu-
cleon into a nucleon and a pion must take place,
at our energies, only when -1 Gev is absorbed
and that it must be present, of course, only when
the elastic diffraction scattering is present. Only
further experiments will enable us to confirm,
or not, this suggestive interpretation.

Finally, we want to point out that the existence
of the quasi-elastic collisions (the quasi-elastic
continuum) for ultrarelativistic protons can have

interesting applications.
One concerns radiochemistry. When the quasi-

elastic event takes place for the target nucleon
embedded in a nucleus it is easily seen that the
final momentum of the target nucleon, in the
lab system, can be so small as to leave the nu-
cleon inside its original nucleus. The exchange
of a pion can then give rise to a nuclear reaction
of the type X& (p, p~ )F&~& . The cross sec-
tions evaluated for this phenomenon seem to be
of the right order of magnitude for explaining
several reactions of this kind, as well as others
of similar character, produced by ultrarelativ-
istic protons. '

A second remark concerns the possibility of
using quasi-elastic events for building a sepa-
rator of ultrarelativistic antiprotons. Whereas
it is expected that the quasi-elastic cross sec-
tion of antiprotons is equal to that of the protons,
the mesons should have quasi-elastic cross sec-
tions substantially smaller, being unable to ex-
change a single pion with a nucleon. A mono-
chromatic secondary beam of ultrarelativistic
negative particles containing antiprotons, pions,

E mesons, and muons should then, when scat-
tered by a target, give a tertiary beam of quasi-
elastic particles enriched in antiprotons accord-
ing to the ratio of the cross sections. Guesses
about intensities and cross sections seem to in-
dicate that such a separator could be of value for
bubble chambers at momenta where most of the
separators suggested so far will certainly fail.
A separator of this kind would also be relatively
cheap.

These measurements would have been impos-
sible without the warm collaboration of the pro-
ton synchrotron staff. We want to thank in par-
ticular Mr. J. Gervaise, who acted as liaison
man between our group and the Machine Group.
We also thank Mr. C. A. Stahlbrandt for his skill-
ful help with the electronics.

The term ultrarelativistic is used here for a nucleon
with Lorentz factor y =total energy/rest mass»1.
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A recent investigation by Abashian, Booth, and
Crowe' of the He' recoil momentum spectrum in
the reaction

p+d-He'+ ... ,

has revealed, in addition to the peak associated
with p production and the continuum associated
with double-pion production,

P +d-He'+ p++ p,
P +d He'+p'+p',

an anomalous peak which has been interpreted
as being associated with a resonant state of two
pions or a particle of mass 310+ 10 Mev. In the
following we shall refer to this particle or reso-
nance (the distinction is perhaps only a matter
of lifetime) as if it were a particle ~'.
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P+ d He'+ po, P +d- He'+ u'. (4)


