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The (vr, 2n) process has been studied in a kinematically complete experiment on three neighboring 1p-
shell nuclei. Distributions of excitation energy of the residual nuclei, of recoil momentum, of the angle

between the emitted neutrons, and the angle between the sum and the diA'erence of the neutron momenta

have been measured. From the excitation spectra a striking analogy with (p,2p) data has been found in the

region of p-shell nucleon removal. The possibility of s-shell nucleon removal has been investigated. The data
are compared with theoretical predictions.

NUCLEAR REACTIONS i&, 2+) on Be, 8, and ' C, E=O measured rate
(E„&,E„&, w); excitation spectra for residual nuclei deduced, recoil momen-

tum distributions extracted.

I. INTRODUCTION

In light nuclei the pion absorption with the sub-
sequent back-to-back emission of a nucleon pair
proceeds very strongly via the quasifree mech-
anism. The coincident detection and energy mea-
surement of both nucleons permit a complete de-
termination of the kinematical properties for the
absorbing pair. This offers an excellent oppor-
tunity to study separation energies, momentum
distributions, and angular momenta of the two
nucleons involved. ' Such experiments are also
expected to yield information about the mNN inter-
action itself, and its depend nce on the different
quantum states of the NN combinations inside nu-
clei.

The theoretical treatment of the pion absorption
in nuclei presents a major problem. The follow-
ing aspects have to be taken into account simulta-
neously: (a) short-range correlations between the
nucleons in the initial state, (b) the interaction
between three and more particles in the final
state, (c) a proper description of the pion absorp-
tion dynamics, and (d) realistic wave functions
for the absorbing nucleus. So far only two pub-
lished calculations include (a), (b), and (c). They
differ in the approach to the final state. While
Morris and Weber' use the coupled channel meth-
od with realistic interactions, Garcilazo and
Eisenberg' solve the I addeev equation with sep-
arable potentials. However, experimentally ob-
servable features such as excitation spectra of
residual nuclei and momentum distributions are
strongly influenced by (d). Consequently our data

will be "ompared with calculations using more
realistic nuclear wave functions. We use results
of Kopaleishvili, Machabeli, and Chachkhunashvili,
who consider for (b) only the nucleon-nucleon in-
teraction in the final state, but include (c) and (d).
In addition, we use the tabulated coefficients of
fractional parentage (cfp) for the two-nucleon re-
moval of Cohen and Kurath' (CK) and of Bala-
shov, Boyarkina, and Rotter' (BBR).

On the experimental side, the results with best
energy resolution until recently could be obtained
with (v', 2p) measurements. "' In most cases,
however, the insufficient energy resolution or in-
adequate statistics hampered the identification of
the discrete final states. The resolution of the
existing (v, 2n) measurements'" was at least a,

factor of 3 lower than that of the (v', 2p) experi-
ments. Owing to charge symmetry (v, 2n) and
(v', 2p) reactions should lead to identical states
in the same residual nucleus if the quasifree
mechanism is the dominant one and if the kinema-
tical conditions are identical for both experi-
ments. The latter condition is not fulfilled
a prion, since (v', 2p) studies are performed with

pious in flight, while in (v, 2n) experiments pion
absorption occurs "at rest. " This causes a dif-
ference not only in pion energy but possibly also
in the pion angular momentum relative to the nu-
cleon pair. A comparison between (v', 2p) and

(v, 2n) measurements with equivalent accuracy
can therefore test the basic assumptions on the
mechanism, and also investigate the influence of
the initial pion state on the experimental results,
especially on the excitation spectra. A difference
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between the two reactions had been already re-
ported for the target ' N."

In the (v, 2n) reactions on 1p-shell nuclei,
strong peaks observed in the excitation spectra
for the residual nuclei are so far mainly attri-
buted to nucleon removal from the p shell. Only
for the lithium targets has a large contribution
from the s-shell nucleons also been identified. '""
Evidence for the two-hole states in the p shell and,
separately, in the s shell was reported in the re-
action "C(v, 2n)"B.' However, the peak due to
the holes in the s shell was not observed in an ex-
periment with higher resolution on the analogous
(w', 2p) reaction. '

In our experiment we use large-area position-
sensitive neutron counters with subnanosecond
time resolution. They allow the study of the
(v, 2n) reaction with energy resolution" com-
parable to or better than that of the existing
(v', 2p) data. At the same time, these counters
offer rather large solid angles. The targets 'Be,
"9, and "C were used to search systematically
for the evidence of the inner shell absorption in
the nuclei close to the lithium isotopes. %here
possible, we have made comparisons with exist-
ing (v', 2p) data and with theoretical predictions.

II. CONCEPTS RELEVANT FOR DATA INTERPRETATION

Figure 1 shows the kinematical variables which
are used. In the case of the absorption of stopped
~ followed by a three-body disintegration, there
are three independent variables. For a given ex-
citation energy of the residual nucleus E„, p, and

q are related by the energy conservation. So the
combinations like q and ~, or q and 8, together
with E„, form a complete set of variables to de-
scribe the kinematics. The importance of the 8
distributions has been pointed out by Koltun. "

FIG. 1. Kinematical variables used in the text. p&

and p& are the neutron momenta, q the recoil momen-
tum.

In the quasifree description of the (v, 2n) re-
action, we assume that the pion is absorbed by a
neutron-proton pair in the target. In the initial
state, the angular momentum of the center of
mass of the pair and of each nucleon with respect
to the center of mass of the target, are L, /„and
l„respectively. The total angular momentum A

is written as A = l, + /, =- 2+ l„where l denotes the
relative angular momentum of the nucleons.

In the foll, owing we assume that the pion is main-
ly absorbed by a pair in relative s state, i.e. ,
l = 0, and we have 6 = A. For p' removal, i.e. ,
for the removal of two nucleons from the p shell,
we have l, = l, = 1 and therefore L = 0 or 2, and in
both cases the parity of the residual state is the
same as that of the target. It should be noted that
the n-p pair can be in a spin triplet, isospin sing-
let or a, spin singlet, isospin triplet state. For
L =0 the energy conservation in the shell model
allows the admixture of the following two com-
binations:

2S (st;- I, L = 0) x ls(n = 0, I = 0),

1S(X= 0, L = 0) x 2s (n = 1, I = 0),
where 97, and n are the principal quantum numbers
associated with the c.m. motion and the relative
motion of the two nucleons, respectively. In con-
trast to the (v, 2N) reactions, (2) is suppressed
in the case of two-nucleon transfer or quasifree
deuteron knockout reactions, because the re-
moved nucleon pair is not in the lowest energy
state. For A=2, under the assumption of l=0,
there is only one combination possible:

ID(St=0, L = 2) x ls(n=0, I =-0) .

[For the geometrical reason stated later, this
component is suppressed. In this case, the ad-
mixture of the component (4),

1S('2=0, L=0)x1d(n=0, I= 2), (

may become important. ]
For the removal of an s-p pair, we have L = 1,

and the possible combination is

IP(SI= 0, L = 1) x 1s(n = 0, I = 0) .

In this case the parity of the residual state is dif-
ferent from that of the target nucleus.

For the removal of an s' pair„we have J.= 0,
and the only possible combination is

1S(ST,=. 0, L = 0) x ls(n = 0, I = 0) .

The parity of the residual state is then again the
same as that of the target.

The q distribution for a given residual state is
dominated by.L and M,, and is essentially the ab-
solute value squared of the c.m. wave function of
the two nucleons in the momentum space. In Fig.
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Be (m, 2n) Li (]0.3)
~ "C (m, 2n) ' B ( 7.0)

pions are preferentially absorbed at the nuclear
surface, or if the emitted nucleons originating
from the inner regions undergo stronger distor-
tions, the contribution of the wave function of the
c.m. of the pair at small radii is suppressed.
Hence in the resultant q distributions, the peak
position shifts towards small q for L t0, and the
width becomes smaller for L = 0."

~ Q

F00 200

q {MeYIc)

I

300

FIG. 2. Recoil momentum distributions as measured
for the 10.5 MeV level in Li (&), and for the 7 MeV level
in ~OB (). The curves correspond to 1S, 2S, and 1D
c.m. states and are calculated in the same manner as
described in Ref. 15 assuming, however, absorption
from 2p atomic orbit. A square well potential has been
used, and the parameter in the &-p relative wave function
is chosen according to the electron scattering data.

2 we show two measured q distributions for dif-
ferent pg-p pairs with similar separation energies.
They are compared with simplified calculations
for different 97. and L carried out with a square
well potential and the corresponding separation
energies. It should be mentioned that for the case
of L = 0, the width of the distribution is dominated
by the separation energy of the pair in the target.
I.arge separation energies correspond to wider
distributions.

For the interpretation of the experimentally ob-
tained q distributions, the following should be con-
sidered:

(i) To detect mainly the quasifree events, our
counters are placed at cu

- 180, and hence small
q is favored. Levels corresponding to L t0
(especially to L = 2) transitions are therefore sup-
pressed in the excitation spectra. In the case of
A= 2 transitions, component (4) involving 1S may
become more important. However, as 1S also
shows a wide q distribution, we expect a wide
distribution for A= 2 for any admixture of (3) and

(4).
(ii) The shape of the q distributions can be modi-

fied owing to various effects. The distribution for
L t0 is expected to be zero at q =0, but the dis-
tortion effects caused by initial- and final-state
interactions tend to fill this dip. Also, if the

If the process is dominated by short-range cor-
relations, the large-p components of the initial
state play the important role. As by energy con-
servation, large p is related to small q, this ef-
fect will enhance the small-q components and
hence will have the same result as the preceding
effect.

III. EXPERIMENTAL SETUP AND DATA HANDLING

Negative pions of 70 MeV from the CERN syn-
chrocyclotron (SC) low-energy pion channel were
stopped in targets of 3-5 g/cm' thickness. The
experimental setup is shown in Fig. 3. All coun-
ters were plastic scintillators.

The pion stop trigger was obtained from coun-
ters I and II before the degrader, counter III and
the hodoscope, between the degrader and the tar--
get, in coincidence, and counter V in anticoinci-
dence. Counter II, with the dimensions 12 cm
&10 cm &1 cm, had a pair of twisted-strip light
guides, two RCA 8850 photomultipliers, and was
used as the start counter for the two neutron
time-of-flight counters. The time resolution of
this counter for 2 MeV pulses was 300 psee. The
pulse height of counter III was used to determine
the pion stopping point in the target in the beam
direction. The hodoscope strips, of 2 cm width
each, mounted on Philips 1110phototubes, served
to fix the stopping point in the target in the hori-
zontal direction, perpendicular to the beam.
Counter IV was a plastic scintillator of 0.5 mm
thickness; it enabled us to reject those pions
which stopped in the hodoscope.

The two outgoing neutrons were detected in
coincidence with a pair of large-area, position-
sensitive, time-of-flight counters, placed 4.5 m
from the target. The angle between the centers
of the counters was 160', thus covering an (d range
from 140' to 180'. The sensitive volume of one
neutron counter is 2 m wide & 48 em high & 9 cm
thick, covering a solid angle of 46 msr at a dis-
tance of 4.5 m from the target.

To localize the neutron impact point vertically,
the counter is subdivided into eight bundles of
scintillators, each of 6 cm height. In order to
improve the time resolution by localizing the im-
pact point in depth, it is also subdivided into six
layers of 1.5 cm thickness each. In total, each
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FIG. 3. Experimental setup. For details see text.

counter consists of 48 rods, made of NE 110
plastic scintillator and assembled as indicated in

Fig. 3. The development and testing of a proto-
type counter has been described previously. " Two
adjacent bundles are viewed by a 56 DVP photo-
multiplier at each end. The position information
along the counter is taken from the time difference
between the two photomultip1. iers. A total of 30
small phototubes (Philips 1110) on each counter
show the pattern of the rods that have given a sig-
nal for each event.

The time-of-flight information, time difference
between the photomultipliers on both sides, pulse
heights of the 56 DVP's, and pattern information
of all phototubes as well as hodoscope information
and counter III pulse height were written on tape,
event by event, via a CAMAC system and a PDP
8L on-line computer. The pulse-height informa-
tion from the neutron counters was later used to
set a threshold, in the off-line program, and also
to remove the residual walk of the Ortec 473 con-
stant-fraction discriminators used.

A typical time resolution of a neutron counter
is 800 psec for 20 MeV electron equivalent pulses,
including start counter resolution. This resulted
in an excitation energy resolution &E„of 3-6
MeV full width a.t half maximum, depending on
pulse-height threshold, flight path, and on E„.
This resolution is at least a factor of 3 better than
in previous (w, 2n) measurements.

All data were written on magnetic tape and ana-
lyzed using the CERN CDC 7600. In the off-line
analysis, a sufficiently high pulse-height threshold
(4-5 MeV electron equivalent) was set to get a
uniform efficiency over the whole counter by tak-
ing into account the light attenuation in the rods. "
The efficiency correction was made with the Kurz
code, "which had been tested on the prototype
counter in an independent efficiency measure-
ment. All distributions shown are corrected for
this effect. Usually, neutrons with kinetic energy
below 15 MeV were rejected. Also events from
the last 12 cm on each side of the counters were
not accepted because of nonuniformity in the ef-
fective light-propagation velocity. If the first
layer had triggered, and if the measured pulse
height and kinetic energy were in a certain rela-
tion, then the event was assigned to a charged par-
ticle and was rejected. The data have also been
corrected for geometrical acceptance in our co

range between 145' and 180'. 'The corresponding
correction function has been determined for our
geometry with high statistical accuracy using a
Monte Carlo simulation program.

Within the experimental limitations (E„,, 15
MeV, &u& 145') our data are therefore free of geo-
metrical bias and can be directly compared with
theory. The recoil momentum distributions shown
are obtained by dividing the corrected rate by the
three-body phase-space factor. For the 6i distri-
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butions, q has been restricted to values where
there is no reduction in phase space caused by our
restricted (d range. In all figures, the errors
given are statistical.

In principle, all our data are available as a func-
tion of three independent parameters, as described
in Sec. II. For practical reasons, however, only
one- and two-dimensional distributions are given
in this paper.

IV. RESULTS AND DISCUSSIo N —LOW E„REGION

A. Be

So far, the only attempt to study the Be(v, 2n)'Li
reactions has been made by Calligaris et al."
Their statistics were poor, however, being based
on a total of 145 events, and it was therefore in-
teresting to repeat the measurement with better
statistics and good resolution.

Our observed excitation spectrum of the residual
'Li nucleus is shown in Fig. 4. 'The spectrum
shows a maximum at about 10 MeV and then de-
creases slowly with increasing excitation energy.
The ground state (

—', ) and the 0.48 MeV first ex-
cited state (-,

'
) are weakly populated. In the a-a-n

cluster picture for the 'Be target, the transition
to these levels corresponds to a removal of the

weakly bound neutron and a proton from one of the
a clusters. The weak rate is therefore probably
explained by the rather large distance between the
proton and the neutron which absorb the pion. 'The

recoil momentum distribution corresponding to
these levels is shown in Fig. 5. It indicates a pre-
dominant contribution of I, = 0; the half width is,
however, relatively large (-120 MeV/c) for this
pair separation energy (see Sec. Il). It is larger
than the corresponding width for higher levels, de-
scribed later, which have higher separation en-
ergy. This fact again supports the assumption of
a large distance between the absorbing nucleons
and the cluster picture of the ground state of the
target nucleus and the two lowest levels of 'Li.

In the excitation spectrum in Fig. 4 two large
peaks in the region between 7 and 11 MeV are
visible. As the number of known levels in this
region is small, they can be attributed to the lev-
els at 7.47 MeV (-,', T = -', ) and 10.25 MeV (-', , T
=-,'). Balashov et al. ' predict by far the largest
spectroscopic factor for the A = 0 transition to the
members of a ' +"~'I.="P triplet at about 8-11
MeV. According to Barker, "the level at 7.47
MeV (-, ) seems to be the lowest member of this
triplet. These facts lead to the conclusion that
this transition corresponds to the removal of a
spin triplet (T = 0) n /pair from the-target nu-
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FIG. 4. Excitation energy spectrum for the residual
nucleus ~Li. The quantity A denotes the rates. Upper
curve: all data; lower curve: events with q &100 MeV/~.
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FIG. 5. q and 0 distributions for three peaks in the E„
spectrum of VLi. For the 8 distributions, q has been re-
stricted to less than 220, 210, and 200 MeV/e from top
to bottom.
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cleus. The ~T =0 transition is confirmed by the
fact that this level is populated in the 'Be(P, 'He)'Li
reaction (rxT=0, 1) at E,=43 "I .MeV, whereas the
mirror level at 7.21 MeV in 'Be is not seen in the
'Be(p, f)'Be reaction (&T = 1) under the same con-
ditions. "

The energy of the —,
' member of the "P triplet

is calculated to be between 8 and 11 MeV." Ac-
cording to Ajzenberg-Selove and l.auritsen" the
10.25 MeV level is the only —,

' member of the
triplet. Then the large population (seen in Fig.
4) comparable to that of the V. 5 MeV level agrees
with the prediction of Balashov et a/. ' Further-
more, the recoil momentum distributions cor-
responding to these peaks, shown in Fig. 5, are
rather similar. They both indicate a strong I.=0
component, and the half width is about 90 MeV/c,
which is smaller than the width of the q distribu-
tion for the ground and first excited levels already
mentioned. Therefore this is in agreement with
the A=O prediction.

Besides the —,
' member of the "'I' triplet, Bala-

shov et a/. predict a large spectroscopic factor
also for [21]-"P levels at F.„about 16-18 MeV (the
numbers in the bracket correspond to the Young
scheme). However, except for the 16.8 MeV lev-
el, no level is experimentally well established
(see Ref. 21), and at the same time no other dis-
tinct peak is seen in our excitation spectrum.
Therefore, a, further comparison of the result
with the cfp calculation is difficult.

In conclusion, the largest rates come from the
transition to "P levels, and the transitions to the
ground and first excited states are weak. The
analog (IT', 2/I) reaction on the same target has
been investigated by Favier et a/. 'Their excita-
tion energy spectrum seems to be similar to ours
within their experimental resolution.
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FIG. 6. Excitation energy spectrum for the residual
nucleus Be. Upper curve: all data; middle curve:
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q &140 MeV/&. Results of cfp calculations from Ref. 5
(CK} and Ref. 6 (BBR}are indicated on top of the figure.
For (CK} the solid lines refer to T = 0 and dashed lines
to T=1. For (BBR}, solid lines refer to A=2, T=0, and

the dashed line to A = 0, T = 0.
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Data on the pion-induced two-nucleon emission
with "Bas a target nucleus were obtained for the
first time. Figure 6 shows the excitation spectra.
Since the residual nucleus 'Be is particle unstable,
the four-body breakup contribution in the excita-
tion spectrum is possible even in the ground-state
region. In the spectrum without q windows, two
main peaks can be observed at approximately 3
and 19 MeV excitation energy. The momentum
distributions for these peaks are shown in Fig. 7.
The distribution for the peak at 3 MeV is -150
MeV/c wide. We conclude that it is dominated by
a Ax0 component. The observed large width of
the 3 MeV peak in the excitation energy spectrum
can be at least partially explained by the known

width of this level in Be. The momentum distri-
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FIG. 7. q and 0 distributions for two peaks in the E„
spectrum of Be. For the 6) distributions, q has been
restricted to less than 190 and 170 MeV/& for the lower
and higher E, window, respectively.
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bution shown in Fig. 7 for the peak around 19 MeV

is narrow and it has its maximum in the vicinity
of zero momentum, indicating mainly L =0. In

Fig. 6 the excitation spectrum restricted to large
q values is also given. It indicates that the broad
peak around 19 MeV is a superposition of three
peaks at 17, 19, and 22 MeV. The splitting is not
visible in the excitation spectrum for low q values,
where only the 19 MeV peak persists. This sug-
gests AcO for the peaks at 17 and 22 MeV. In the
lower curve of Fig. 6 there is also a weak peak
visible at 10 MeV, which for the same reasons
should correspond to A10.

The levels with large cfp are also indicated in
Fig. 6. %hen comparing the experimental results
with the cfp calculations, several remarks are im-
portant. 'The correspondence between the theoreti-
cal and known experimental level. s is not complete-
ly established, especially in the region of higher
excitations. In Fig. 6 the position of the levels is
given according to the calculations. The L = 2

transitions are suppressed in our geometry, as
discussed previously. 'The 4T =1 transitions can
appear only at higher excitations since all the
known T=1 levels in 'Be are above 16 MeV.

At E„-3 Me V both calculations" predict A = 2 con-
tributions in agreement with our data. 'The calcu-
lations differ in the strength for A= 2 transitions
to the level at 10 MeV. Cohen and Kurath expect
this level to be less populated than the one at 3

MeV, while Balashov e( a/. predict the opposite.
In the region above 16 MeV, strong 4T = 0, A=0
transitions are predicted by both Cohen and Ku-
rath and by Balashov eI al. which agree with the
position of the largest experimental peak at 19
MeV. A &T =0, A=2 transition is also expected
in both calculations at somewhat lower energy
than the A= 0 contribution, in agreement with our
indication for a level at 17 MeV. None of the ~T
=0, A=2 calculations can explain the observed
indication of a level around 22 MeV.

Cohen and Kurath expect two 4T = 1, A= 2 con-
tributions which agree with the excitations at 17
and 22 MeV. It should be noted that only &T = 1

calculation explains the excitation around 22 MeV.
The largest &T = 1, A = 0 transition strength is
expected for the level at -18 MeV, in accordance
with the position of the main observed peak. How-

ever, another ~T=1, A=O transition, weaker in
intensity, is expected around 22 MeV. The middle
spectrum in Fig. 6, which emphasizes A = 0 tran-
sitions, does not confirm this.

'The indication of wide structure at higher ener-
gies will be discussed later. 'The comparison with
(m', 2p} or (p, pd) data is not possible, owing to
lack of such measurements.

The following summary can be made. In the

excitation spectrum of 'Be a A= 2 transition to
E„-3MeV and a A = 0 transition to E„-19MeV
are well identified. Evidence for transitions to
additional levels exists at 10, 17, and 22 MeV;
A= 2 is assigned to all the corresponding transi-
tions as a dominant component. The isospin as-
signment for the absorbing nucleon pair is difficult
above E, —16 MeV, where ~T = 1 becomes possible
in addition to 4T =0. Cohen and Kurath suggest
4T = 1 for the A= 2 transition to 22 MeV excitation.
For the transition to E„=17 and 19 MeV, both
isospin values for the nucleon pair are possible.

c. "c
'-C has often been used as target for (~, 2n) re

actions' ""'-" as well as for the analogous (v', 2p)
reaction. ' Qzaki eI vl."andwordberg, Kinsey, and
Burman" show no excitation energy spectrum,
whereas in the case of Calligaris el al."the sta-
tistics are very poor. The measurement done by
Cheshire and Sobottka' had rather bad energy reso-
lution; besides a peak around 5 MeV, the excita-
tion energy spectrum shows a peak around 38 MeV
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FIG. 8. Excitation energy spectrum for the residual
nucleus ~ B. Upper curve: all data; lower curve:events
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(dashed lines) are indicated on top of the figure.



T%O. NEUTRON EMISSION INDUCED BY STOPPED n ON. . . 1533

-3&E„&2 MeV

o

Q

II00

~e Vl
(

C

3.5 &E„~5.5 MeV

0
Zl

0
(D

yt~ j
I

tfl0
O
'D

CL 'U
55~ E„&9 MeV

0 100 200 300 0

q (MeVIc} &2 io
C (7T, 2n) B

0.5

[cos e)
1,0

FIG. 9. q and 0 distributions for three peaks in the E„
spectrum of ~08. For the 0 distributions, q has been re-
stricted to less than 180, 170, and 165 MeV/c from top
to bottom.

which they have attributed to removal of two s-
shell nucleons.

Figure 8 shows our measured excitation energy
distribution. Also indicated are levels with large
cfp according to calculations for two p-shell nu-
cleon removal. " 'The spectrum is dominated by
a large peak around 1 MeV, in addition to which
there are three more peaks at about 4.5, 7, and
12 MeV. Also, there seems to be an indication of
a somewhat broader peak at 21-22 MeV.

Cohen and Kurath predict large cfp for transi-
tions to the ground state (3', T = 0), first excited
state (0.7 MeV, 1', T =0), and second excited state
(1.7 MeV, O', T = 1). Our experimental result is
compatible with this prediction, as the main con-
tribution lies in the region of E„& 5 MeV. The
ground-state transition should have A= 2, whereas
the other two should have A=O. Our measured
q distribution for this lowest excitation energy
range is shown in Fig. 9. It has a minimum at
q = 0; however, the maximum at q =50 MeV/c is
too far to the left compared with a pure L = 2 tran-
sition. The distribution therefore indicates an ad-
mixture of L = 2 and L = 0 transitions. As is known
from a. (w, y) measurement, " the first three ex-
c.ited states all contribute, and therefore our domi-
nant peak around 1 MeV is very likely composed
of the ground state plus the first three excited
states. %ithin our energy resolution we cannot

give precise numbers for the relative contribu-
tions among them.

Also Balashov eI a/. ' predict the major strength
to be in the low excitation region (E„& 3 MeV) and
are thus in qualitative agreement with our result.

The structure around 4.5 MeV can be attributed
to the 4.77 MeV level (3, 7 =0) with some possible
contribution from the 3.6 MeV level (2', T = 0) and
from the levels around 5.1-5.2 MeV. According
to the Cohen and Kurath prediction, there should
be significant strength in this region for A= 2
transitions. Qur measured q distribution for this
E„part (Fig. 9) is very broad and of different
shape than for pure L =0. From this we conclude
that a major A=2 contribution is possible, in
agreement with Cohen and Kurath.

For the peaks above E„=6 MeV, no attemptfor
comparison with known levels has been made.
However, it should be emphasized that Cohen and
Kurath predict a very large cfp for a A= 2, 4T =1
transition to an excitation energy of 7.2 MeV. In-
deed we observe a peak around 7 MeV whose q
distribution, shown in Fig. 9, is again very wide
with the maximum close to zero momentum. If
it is the predicted level, then, in view of the very
large predicted cfp, it is suppressed compared to
the observed A=O transition at about 1 MeV. The
peak around 12 MeV and the broader structure
around 21-22 MeV are discussed later in this
paper, in connection with the possibility of s shell
nucleon removal.

The excitation spectrum of the (v', 2p) measure-
ment of Favier et al. ' is in rather good agreement
with our excitation spectrum, proving the simi-
larity of the reaction mechanism. Also the excita-
tion spectra of both reactions for small q only
(Fig. 8 and Ref. 7) are very similar: The spectra
are essentially flat in the E„range 15-70 MeV.

Besides the comparison with (v', 2p), a compari-
son could be made with other reactions that lead
to the same residual nucleus, such as (p, pd),
(d, o), or (p, 'He). The two-nucleon pickup re-
actions (d, o.) and (p, 'He), however, are sensitive
to larger recoil momenta q than the (v, 2n) pro-
cess in our geometry.

A recent "C(p, pd)"B measurement" at E, = 75
MeV has shown about equal population of the ground
state and the first excited state, even at recoil mo-
mentum q=0. Their experiment showed a smaller
population of the second and third excited states,
similar to our results. The higher excitation re-
gion has not been measured by these authors.

Among the numerous theoretical papers on m

absorption there are only very few that contain a
detailed prediction on the excitation energy spec-
trum that this reaction should produce. Kopaleish-
vili et al. ' have calculated this distribution for "C,
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'C (n, 2&)

cal efforts giving more detailed excitation spectra
with angular and recoil momentum distributions
for certain ranges of excitation energy.

D. General remarks on the p-shell hole states

lh

C

g
II

3

D
CL'

I

$0o
I

170

FIG. 10. Measured (0'I ~ distribution from the reac-
tion 2Ct, &, 2&} OB, integrated over all E„, compared
with the theoretical prediction (curve) of Ref. 3 with cor-
relation parameter r, = 0.6 fm. The two distributions
have been normalized at 180 .

among other target nuclei, assuming absorption
from the atomic s-orbit and neglecting the final-
state nucleon-nucleus interaction. As they show
a result only for q & 50 MeV/c, our excitation
spectrum for small recoil momenta (Fig. 8) should
be compared with their prediction. They agree in-
sofar as the main strength is below 5 MeV.

The latest attempt to treat the complete three-
body final-state system of the (v, 2n} reaction by
solving the corresponding Faddeev equations is the
one by Garcilazo and Eisenberg. ' In Fig. 10 a
comparison between our measured co distribution,
integrated over all E„values, and their prediction
has been made. It shows that our distribution is
rather flat in the (u range covered, and disagrees
with the predicted distribution, which is peaked
at 180'. If we restrict our data to small E„values
(see Fig. 16}, then the &u distribution is peaked at
this angle, and thus is in better qualitative agree-
ment with the prediction for two nucleons coming
from the 1p, &, shell. ' But it should be also men-
tioned that the shape of this shown ~ distribution
depends on the choice of the upper limit in E„,
i.e., the higher this limit the less pronounced the
peak at 180 generally becomes. Therefore we
would like to emphasize the necessity of theoreti-

To discuss the systematic trends of the p-nu-
cleon removal in different targets, the separation
energy of the neutron-proton pair is more rele-
vant than the excitation energy in the residual nu-
clei. In Fig. 11 our results are presented in the
way that the strongly populated residual levels for
'Be, "B, and "C, and also for "N (Ref. 11) are
indicated as a function of E„ the separation energy of
a free deuteron (E,. is given by E, =E„+Ms —M„+m, .
Where M„and Ma are the masses of the target and re-
coii nucleus, and m„ is the mass of the free deuteron. )
It is surprising to find that for all these targets,
the peaks are nearly at the same position, namely,
at E, -26 MeV. A comparison of the energies of
our (v, 2n) peaks and the peaks from (p, 2p) re-
sults" is shown in Fig. 11. If the scale of the single-
nucleon separation energy is expanded by almost
a factor of 2 with respect to the two-nucleon sep-
aration energy, a similarity becomes obvious,
which does not seem to be only fortuitous. It can
be understood considering that the proton and the
neutron in the same orbit are strongly correlated
and can absorb the pion, whereas the correlation is
weak between two nucleons from different orbits.
Best agreement between the separation energies
in Fig. 11 could be achieved with a multiplication
factor of 1.62. It is also important to use the
separation energy for the free deuteron to get
this agreement.

About the quantum state of the absorbing pair
the following can be said. For A=O, the two com-
ponents (1) 2S(et = 1, L = 0) && 1s (n = 0, l = 0) and (2)
lS(R=O, L =0) && 2s(n=1, l=0) may contribute, as
has been mentioned in Sec. II. For the transitions
to which the cfp calculations predict strong A=0
contributions, such as the 7.5 and 10.3 MeV levels
in 'I.i, or the 19 MeV level in 'Be, the experiment
shows that the width of the corresponding q dis-
tributions is as small as 80-90 MeV/c. This is
much smaller than the width for A= 2 transition.
In Fig. 2, a comparison with calculated q distri-
butions for 1S and 2S transitions is made, which
shows that the above mentioned A=0 transitions
are closer to the 2S distribution. 'Therefore, the
combination (1), corresponding to the pion absorp-
tion by a pair in a relative 1s state, seems to be
favored compared with (2), i.e. , 2s absorption.

According to our observations, for equal cfp,
A= 2 transitions are generally weaker than A=O
transitions. It has already been mentioned that
the L=2, l=O component of the A=2 transition is
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FIG. 11. Comparison of separation energies for the removal of one (dashed lines) and two (solid lines) nucleons for
the three targets measured in this experiment and for ~4N from Ref. 11.

suppressed in our geometry. Apparently also the
second component I.=0, l= 2 does not appear
strongly. %e conclude, therefore, that the ab-
sorption by a pair in the relative d state (I = 2) is
less favored than in the s state (I = 0).

It should be mentioned, however, that we ob-
serve a clear though not very strong transition
at 7 MeV in the residual nucleus "8, which cor-
responds probably to the absorption of a pair in a
relative d state, provided our attribution to a pre-
dicted A= 2 state is correct. 'The corresponding

q distribution is given in Fig. 2. It agrees with the
schematically calculated distribution for a 15
state.

V. RESULTS AND DISCUSSION —HIGH E„REGION

On the lithium isotopes two well-separated big
peaks are observed in the excitation energy spec-
tra obtained in the (v, 2~} reactions, one peak
around E„=O-4 MeV and the other around 30
MeV.""'" The latter peak, which has more than
twice the area of the former one, is interpreted
as s-shell nucleon removal. '" In the "C(v, 2n)"8
measurement of Cheshire and Sobottka, the re-
ported peak corresponding to s' removal at E„-38
MeV (Ref. 9) is comparable in size to the p' re-
moval, i.e., the ratio of s to p removal is smaller
than in the lithium isotopes. 'Therefore it is inter-
esting to look at s-nucleon removal with targets in

the mass number range between lithium and car-
bon.

It is worthwhile to mention the results from
(p, 2p) (Ref. 26) and (p, d) (Ref. 27) experiments
on single s-nucleon removal involving the same
targets. In the corresponding separation energy
spectra, a peak which is -20-30 MeV wide occurs
at a one-nucleon separation energy of 27-34 MeV,
depending on the target. In the (p, d} results, there
is even some structure in this broad peak. From
the analogy between P ' peaks in (p, 2p) results and

p
' peaks in (v, 2n) results mertioned earlier, we

expect s' removal to appear at considerably higher
E,. than one-nucleon removal. In addition, the
peak should be wide, with possible fine structure.

Our excitation spectra are shown in Figs. 4, 6,
and 8. None of these spectra show such a clear
and distinct peak at higher E„as was observed in
'Li or 'Li. In "C we cannot confirm the separated
s ' peak, reported by Cheshire and Sobottka. This
is in spite of the fact that our experimental setup
covers a much wider (d range.

Because of the large separation energies of s-
shell nucleons, one expects wid q distributions
for the corresponding peaks. In order to be more
sensitive to those states, we show in Fig. 12 the
excitation spectra for events with large recoil mo-
mentum for 'Be, "B, and "C, respectively. From
these spectra several observations can be made.
Although there is no broad, dominant peak at
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FIG. 12. Comparison of E, spectra with q &140 Mev/&

for the three targets. E, scales are also shown.

higher separation energies, we observe many
events in this region. It should also be kept in
mind that owing to the energy threshold of 15 MeV
for one neutron, the high E„region is already
somewhat suppressed. Apart from the structure
at small excitation energies discussed in Sec. IV,
structures at higher energies are visible. In the
"C spectrum we recognize a peak at E, -36.5 MeV,
followed by a dip at 42 MeV; in the case of 'Be
there are one or two peaks around 36 MeV and a
dip at 43 MeV, and in "Ba peak at 40 MeV and a
dip at 45 MeV.

For the peaks just mentioned, q and 8 distribu-

tions are shown in Fig. 13. The q distributions
are relatively wide (compared, for instance, with
the 10.5 MeV peak in 'Be); they increase towards
q=0 and thus indicate I. =0 dominance. 'The in-
terpretation of these three narrow peaks is not
simple. As the separation energies are slightly
too high for p' removal, they might be contribu-
tions from sp removal. The q distributions, how-
ever, do not support this picture.

In the higher excitation-energy region, it can
be expected that the contribution of mechanisms
other than quasifree 2N absorption becomes im-
portant. In fact, Favier et al. ' estimate that in
their (d range, which is comparable to ours, half
the events are due to other processes. On the
other hand, our observed structure in the high ex-
citation-energy region seems to support the quasi-
free 2)V process.

In order to investigate the relative contributions
of quasifree 21V absorption and other processes,
a comparison of excitation energy spectra with
different windows in v and q is shown in Figs. 14
and 15. In the spectra with v windows (Fig. 14}
it can be seen that for all three nuclei the de-
crease of the rates with decreasing ~ is most
pronounced at separation energies below -35 MeV.
At higher energies the ~ distributions seei(n to be
more or less flat, except for "B, where a slow
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FIG. 14. Separation energy spectr a for different ~ rvindows for the three targets. Curves I to V correspond to windows
in (- cos~) of 0.820-0.856; 0.856-0.892; 0.892-0.928; 0.928-0.964, and 0.964-1.00, xespectively.

decrease of the rates with decreasing (~ is visible.
This behavior can also be seen in Fig. 16, where
the rates integrated over the high separation en-
ergies are plotted as a function of ~. From the
excitation spectra with different q windows (Fig.
15) it can be seen that also the variation of the
rates with .I is most; pronounced at E, &30-40 MeV.
At higher energies there is no variation visible
for '2(:, a small variation for 'Be, and a rel. atively
large variation for "B.

The sudden change of the ~~ and q distribution at

30-40 MeV can be understood if it is postulated
that, at this separation energy, s' removal. re-
places p' removal. In the latter case, according
to our observation, the dominant transitions come
from 2S(X = 1, L =0), showing a narrow q distri-
bution. In the case of s' removal, however, only
transitions corresponding to 1S(%=0,L = 0) are
allowed. This causes a considerably wider q dis-
tribution, in addition to the widening of the q dis-
tribution owing to the larger separation energy.

The processes other than quasifree 2N can in
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principle also produce wider ~ and q distributions.
Candidates for such processes are sequential reac-
tions initiated by 2N absorption. We expect, how-
ever, that the probability for such secondary reac-
tion steps, is a smooth function of A, and does not
critically depend on the target nucleus. Consider-
ing the differences between the three neighboring
nuclei, observed at higher separation energies, it
seems not very likely to us that such sequential
processes are dominant in this energy range. We
are, however, aware of the fact that owing to our
ignorance of possible processes of this kind no
conclusive distinction can be made on the basis

TABLE I. Integrated rates per stopped pion for dif-
ferent E~ regions. The numbers are corrected with
respect to geometrical efficiencies in the u range be-
tween 145 and 180'.

E &35 MeV
(Vo)

E.&35 MeV
(Vo)

'Se
10B

C

14.5
12.5
1P

22
16
16

of these arguments.
A certain support for the quasifree 2N reaction

can be drawn from the following considerations.
In Table I the integrated rates per stopped pion for
the low E, region as well as for the high F., region
are given for all three target nuclei. The numbers
correspond to the ~ range from 145 to 180'. En

the low E„region the observed co distributions are
strongly peaked at 180' and hence our setup covers
nearly all events. This is certainly no longer the
case in the high E„region, because there the ~
distributions are much wider. An isotropic ~~ dis-
tribution, however, can be excluded, because in
this case the extrapolated rates per stopped pion
integrated over all the ~ range would far exceed
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100/p. A nonisotropic &o distribution can in turn
be more easily explained by direct processes.

VI. CONCLUSIONS

It was shown that for all three targets, 'Be, 'OB,

and "C, studied in our experiment, the prominent
peaks in the low excitation-energy region can be
attributed to known levels, and that their popula-
tion is in a qualitative agreement with the cfp cal-
culations for the p-shell nucleons.

In these target nuclei, as well as in '4N, a sur-
prising similarity has been found between the sys-
tematics of the two-nucleon separation energy E,
of the two-hole states strongly populated in the
(m, 2n) reaction, and the one-nucleon separation
energy of the single-hole states observed in the

(p, 2p) reaction. This could be understood by a
strong correlation between proton and neutron in
the same orbit.

For the p' removal, the small width of the q
distributions for A=0 transitions and the general
weakness of A= 2 transitions seem to indicate that
the pion absorption by a nucleon pair in relative

1s state is favored compared with the 2s as well
as the 1d states.

Relatively high rates have been observed for the
transitions leading to high separation energies.
Although no quantitative conclusion on the relative
contribution of s' removal and nonquasifree 2W

processes could be made, the absolute rate cor-
responding to this F., region in our ~ range, as
well as the structure observed in the excitation
spectra, seem to support the importance of the
s ' process.

A comparison between our excitation spectra and
those from the low-energy (w', 2p) reaction shows
that, within the experimental precision, the rela-
tive population of the residual levels is very simi-
lar in these reactions. For the nuclei studied here,
we conclude therefore that the relative population
does not depend on whether the pion is absorbed
from atomic orbits or in flight.
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