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Quasielastic knockout of alpha clusters from light and medium nuclei by 600 MeV protons@
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Knockout of n clusters from light and medium weight nuclei by 60'0 MeV protons has been investigated. The
outgoing protons and 0. particles were detected in coincidence; their momenta were measured with two large
magnetic spectrometers with proportional wire chambers. Experimental methods which were used to work with
a high beam rate and an efficient proton rejection in the e arm are described. Separation energy spectra are
given for Li, Li, ' C, Mg, Al, and Ca nuclei. A peak is observed at an excitation energy equal to zero, ex-
cept for the ~7A1 target.

NUCLEAB BEACTIONS 6Li, Li 2C, Mg ~A1, pCa@,pn), Ep= 600 MeV;
experimental methods; separation energy spectra.

I. INTRODUCTION

Many experiments have been performed to pro-
vide precise information concerning clustering ef-
fects in nuclei. The study of n clusters or quar-
tets has been achieved with transfer reactions
but also with cluster knockout reactions. At low
energy, such quasifree (p, pn) experiments are
often dominated by sequential processes, and
therefore, the target nuclei have been mainly lim-
ited to the 1p shell nuclei. ' ' Increasing the inci-
dent proton energy, the ~ clusters can be knocked
out with a reasonable cross section and a kinetic
energy far higher that of an n particle issuing from
sequential processes. Therefore, the quasifree
(P, pu) reactions are favored and the detection of
the ~ particle from inner shells can be expected.
The knockout data at medium energy (=100 MeV)
must be analyzed by the distorted-wave impulse
approximation (DWIA). ' /scent progress in
these calculations gives good agreement with ex-
periment. "' For energies as high a.s 600 Mev,
distortion effects are minimized and the choice of
theoretical treatment is less critical.

Our (p, pn) experiment was performed with a
600 MeV proton beam from the synchrotron Sat-
urne at Saclay. Fast n particles were detected

with energy between 50 and 120 Mev. The kine-
matic of the reaction remains close to that of free
p-n scattering, although the n momentum in the
nucleus could reach values of 1 fm '. Then two
magnetic spectrometers of 2.5 x 10 'sr are suf-
ficient to detect the main part of the (p, pn) reac-
tions when the energy of detected a particles is
between 50 and MO MeV. The low (P,pa) cross
section required a beam of 10 protons per burst.
The flux of particles in each spectrometer re-
quired the use of proportional wire chambers with
low memory time. To avoid the large background
due to ( p, 2p) or (p, pd) reactions, a drastic se-
lection on the alpha arm (ionization and range
counters) was achieved. "0

High energy (which imposes precise localiza-
tion), large solid angles, high beam rate, and ef-
ficient proton rejection were difficult constraints.
We will describe the experimental methods in
some detail in Sec. .II. Data analysis and separa-
tion energy spectra are discussed in Sec. IQ.

II ~ DESIGN OF THE EXPERIMENT

A. Kinematics

The quantities of interest in a (P, pn) experiment
are the separation energy E. of the knockout Ot
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particle and the momentum p„of the recoil nu-
cleus. The separation energy can be calculated
from the equation:

Es =ED-+i -E2-E~
where E„E„and E, are the kinetic energies of
the incoming proton, the knockout o. particle, and
the scattered proton, respectively.

The recoil nucleus energy E„can be neglected
(E„=p„'/2M„). E, is related to the excitation E»
of residual nucleus by E,=E» —Q. The recoil
momentum p„can be calculated from the relation:

P P Pl P2 (2)

If the impulse approximation is valid, the a par, -
ticle momentum q in the nucleus before the reac-
tion is related to p~ by q=-p~. To obtain the
quantities E, and p~, it is sufficient to determine
the momentum vector of the outgoing particles.
The schematic diagram of our experiment is shown
in Fig. l.
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B. Experimental arrangement and background limitation

The 600 MeV proton beam, extracted by a reso-
nance method, was focused to a spot of about 1
x 1.5 cm at the target position. The duty cycle was
about 10%%uo and the energy resolution was estimated
as better than 1 MeV. Two double scintillation
counter telescopes checked the beam, position and
intensity, one directed towards the target and the
second towards a thin aluminum foil on the beam
line far away from the target.

The scattered protons were detected after the
bending magnet by four telescopes SCP (Fig. 1).
To limit the y-ray background, each of these was

defined by a double scintillation counter. In these
conditions, the ratio of single counting rates with
and without a 20 mg/cm' target was about 2. All
the wires of the PC2 chamber were used as a fast
counter and included in the trigger. This geomet-
rical configuration selected mainly particles
coming from the target. On the n particle arm,
the same background limitation was obtained with
the wire chamber PC5. Besides, the large differ-
ence between the ionization of single and double
charge particles gave reliable high voltage work-
ing conditions where the & particles were detected
with a total efficiency and about 80%%uo of the protons
were rejected.

The n particles were detected by three tele-
scopes af ter passing the bending magnet. On each
one, a threshold on the thin scintillation counter
SC1 (0.25 mm thickness) rejected protons. The
ratio between the pulse height of the fastest n
particle and the slowest proton was better than 3.
The thick counter SC2 (8 mm thickness) stopped
n particles up to 120 MeV. The third counter SC3
rejected particles of range greater than that of a
120 Me7 n particle.

The trigger of a, (p, po.') reaction was defined by
the- coincidence between counts in the proton and
e arms. The target faced the n spectrometer and
was limit'ed to a 20 mg/cm' thickness. With an
incident beam of 10' protons per burst on a lithium
target, two coincidences were typically obtained
with 10% random coincidence rate and the effi-
ciency of the whole apparatus was equal to 0.7
a0.1.

C. Magnetic spectrometers and wire chambers

The direction of each outgoing particle was de-
fined by two wire proportional chambers. Its mo-
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FIG. 1. Schematic diagram of the experimental setup;
PC: proportional wire chamber, SCP: proton telescope,
SC: scintillation counter for pulse-height analysis.

E~ + KAE~

FIG. 2. Charge identification using pulse-height de-
pendence between total and partial losses in plastic scin-
tillator SCl and SC2.
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FIG. 3. 3He and 4He separation by the pulse height in
the thick scintillator SC2 versus the momentum mea-
sured in the n-magnetic spectrometer.
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mentum was analyzed using a bending magnet fol-
lowed by a third chamber. Three wire planes per
chamber gave a horizontal accuracy a„=0.5 mm.
Two of these planes with wires inclined at +15
gave the vertical coordinate with an accuracy o„
= 2 mm. In order to minimize multiple scattering
of protons and ~-particle absorption, the two
spectrometers were equipped with helium bags.

The multiwire proportional chambers and their
electronics were derived mainly from prototypes
proposed by Charpak. " However, to avoid energy
spread on the n-particle arm, the chambers were
equipped with thin aluminized Mylar foil (6 p, m
thickness) as high voltage planes.

To reduce the electronics required by the large
number of wires ( 4 500), the largest chambers
were encoded by a matrix procedure. Eight

FIG. 5. The peak corresponding to the quasifree scat-
tering is observed in the ~Li(p, pn)3H reaction at 2.5
MeV for the binding energy.

groups of 8 adjacent wires were connected in two
different ways. A set of 8 bits defined the wires
with the same position within the groups, and a
second set defined the groups themselves. Thus
16 bits represented a matrix of 64 wires and the
number of electronic components was divided by 4.

Fired wires, time-of-flight between proton and
n (TOF) and pulse heights (~,E ) in SCl and SC2
counters were recorded on magnetic tape. The
data handling was checked on Line with a display
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FIG. 4. Separation energy spectra for 6Li with 60
& E & 80 MeV. The Li (p,po,')2H reaction was used to
measure the energy resolution (FTHM = 9 MeV).
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FIG. 6. For a binding energy of 7.4 MeV, the sepa-
ration energy spectra in the C(p, pn)88e reaction pro-
duces a peak corresponding to the ground state of the
residual nucleus. The first excited state at 2.9 MeV is
not observed.
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FIG. 7. The peak at 10 MeV corresponding to the
quasifree scattering in the ~4Mg(p, pe)2~Ne reaction is
observed with s (0-50 MeV/c) selection in recoil mo-
mentum. In this case, and for the heavier nuclei stud-
ied, the n-energy range is extended (50& Eo& 90 MeV).

of the ~, E, TOF correlated information.
To obtain sufficient accuracy in the proton mo-

mentum calculation, a map of the magnetic field
to 5 6 precision had been made-. Using the three
components of the field, "a set of theoretical tra-
jectories was precisely calculated. For data anal-
ysis, each experimental momentum was estimated
by linear interpolations between the theoretical
set values. The accuracy of the method was 4p.
= 1.2 MeV/e (FWHM) and calculation time on CDC
66OO was about 1.5 ms. On the o.-particle arm,
a rough precision Lp/p =l.

%%d was sufficient and gave
the spread ~ =1.5 MeV.
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FIG. 9. The quasielastic peak, leaving the residual

nucleus of the4 Ca(p, pn) Ar reaction in its ground
state, appears at the binding energy of 7 MeV.
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HI. DATA ANALYSIS AND EXPERIMENTAL SPECTRA
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We chose the following selection rules for data
analysis.

(a) The intersection coordinates of the proton
and o. trajectories must lie within the target. This
reduces random coincidences and (p, pn) reactions
where one of the outgoing particles has been scat-
tered by the wires.

(b) On the n arm, the correlation af E and b,E
pulse heights is connected to the charge of the
particle (Fig. 2). Single-charged particles are
rejected. Furthermore, if some of such unwanted
particles are considered as double charge, the er-
ror on their calculated momenta will be larger
than 400 MeV/c.

(c) To separate 'He and 4He, the calculated mo-
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FIG. 8. No peak has been detected in the 2~Al(p, pa. )-
23Na reaction, pointing out that this odd nucleus is poor-
ly populated with n clusters.
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FIG. 10. The differential cross sections for ~Lip, )
and ~2C(O) are plotted versus the recoil momentum.
Both these distributions characterize the momentum in
the nucleus before the reaction and are typical of 's

states.
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mentum p is compared to the alpha energy esti-
mated from pulse-height measurements in E
counters (Fig. 2). A complementary selection is
obtained with the time-of-flight (TOF) and the mo-
mentum.

Using Egs. (1) and (2), the separation energy E,
and the recoil momentum p~ are calculated. To
estimate the systematic error due mainly to un-
certainty in the incident energy (about 5 MeV), the
'Li(p, pn)'H reaction is used to calibrate the sep-
aration energy scale absolutely. The peak must
correspond to the value E,=1.5 MeV (Fig. 4). The
experimental width of the peak is 9 MeV (FWHM)
and represents an upper limit of the energy reso-
lution.

Figures 4 to 9 show the separation energy spec-
tra for 'Li, 'Ii "C, MMg "A&, and 'Ca. To
~Mg, the peak corresponding to quasifree reac-
tions leaving the residual nucleus in its ground
state is well observed, and it is enhanced by the
selection of small recoil momenta [Figs. 4-7 (a)].
For "Al this peak disappears and only inelastic
events corresponding to high excitation energies
are detected. In the case of 40Ca the peak for E,
= 0 is again observable. .

The preliminary values of the differential cross
section @la/dO, dQ, dE for the 'Li and the "C are
shown in Fig. 10. For the "C the energy resolu-
tion is not sufficient to show evidence of the 2.9
MeV excited state of 'Be. However, a difference
in form between the ground and first excited state
momentum distribution may be supposed' and the

differential cross section (Fig. 10) shows a maxi-
mum at P~=0. That seems to indicate a low pop-
ulation of the first excited state.

IV. CONCLUSION

. The separation energy spectra obtained with the
different nuclei point out that at this energy of the
incident beam (600 MeV), we have avoided the
secondary reactions, and the quasielastic process
dominates the reactio'n mechanism. Except for the
"Al riucleus, we have observed a peak corre-
sponding to quasifree reactions leaving the resid-
ual nucleus in its ground state. But we have not
seen other peaks of quasielastic scattering for
higher excitation energies in the range of 0—50
MeV. At this energy, the distortion effects are
minimized and affect slightly the momentum dis-
tribution. Therefore it should be possible to ex-
tract the effective number of e clusters in the
nuclei. We conclude that (p, Pn) reactions with
high-energy protons are well suited probes for the
study of z-cluster structures.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Valladas and Pro-
fessor M. Froissart. This experiment could not
have been done without their support and their
constant interest. We must also express our
thanks to the whole CEA Synchrotron Division for
facilities put at our disposal and, in particular,
Dr. B. Thevenet for invaluable help during the ex-
periment.

*Work supported by the CEA and the I N2 P3.
~M. Danos and V. Gillet, Phys. Lett. 34B, 24 (1970).
J. C. Faivre et al. , Phys. Rev. Lett. 24, 1188 (1970).

3A.
¹ James and H. G. Pugh, Nucl. Phys. 42, 441 (1963).

C. Ruhla et a/. , Phys. Lett. 6, 282 (1963).
~B. Gottschalk and S. L. Kannenberg, Phys. Rev. C 2, 24

(1970).
N. S. Chant and P. G. Boos, Phys. Bev. C 15, 57 (1977).

~D. Bachelier et a/. , Nucl. Phys. A 268, 488 (1976).
P. G. Roos et al. , Phys. Bev. C 15, 69 (1977).
R. Anne et a/. , in Proceedings of the Conference on
Clustering Phenomena in Nuclei, (University of Mary-
land, College Park 1975), p. 309.
R. Anne et al. , J. Phys. C 5, 129 (1975).
G. Charpak et al. , Nucl. Instum. 97, 377 (1971).

2B. Fagerstrom et a/. , Nucl. Instum. 91 125 (1971).


