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A STUDY OF THE (ﬂ_, 2n) REACTION ON NUCLEI OF THE 1p-SHELL

Abstract

At the CERN-SC II the (n , 2n) reaction was investigated in a - -
kinematically complete experiment. The target nuclei were 6Li,

7., 9 1OB $2C 14N 16

Li, “Be, ’ ’ and O. The latter was studied over

the widest angular range and with the highest statistics.

The two neutrons emittéd were detected in coincidence by two
large—-area position-sensitive time-of-flight counters. The reso-
lution achieved in excitation energy of the residual nucleus

was 3-6 MeV. This is better by a factor of 3-5 than the values

achieved in previous (m , 2n) measurements.

For definite residual states 6r regions in eXCitation energy
distributions in the followiné variables are given: neutron

enerqgy, angle ‘spanned by the two neutron momenta, sum and diffe-
rence of the momenta of the two neutrons emitted, and angle spanned
by these two momenta. All these distributions are fully corrected
with respect to efficiency and geometrical acceptance. The exci-
tation energy spectra are given in absolute rates per stopped

pion.

Information has been obtained about the spectral function
Snp(q’ ES) and quantum numbers of the neutron proton pairs
involved in the absorption. Conclusions on the reaction mechanism

are drawn.

The results are compared with theoretical predictions as well

as with other two-nucleon removal reactions.



UNTERSUCHUNG DER (m , 2n) REAKTION AN KERNEN DER 1p—-SCHALE

Zusammenfassung

Am-CERN-SC IT wurde die-(m -, 2n) Reaktion in einem kinematisch
Qollsténdigen Experiment untersucht. Targetkerne waren 6Li,

7 9 10 12 14N und 16

Li, “Be, B, C, 0. Bei letzterem war der Ulber-

strichene Winkelbereich am gr6BRten und die Statistik am besten.

Die beiden auslaufenden Neutrohen wurden in Koinzidenz nachge-
wiesen mittels zweier groBSfldchiger, ortsaufldsender Flugzeit-
zdhler. Die erreichte Aufl&sung in der Anregungsenergie des

Restkerns betrug 3-6 MeV. Dies ist dm einen Faktor 3-5 besser

als in friheren (ﬂ_, 2n) Messungen.

Flir bestimmte Zustdnde des Restkerns bzw. bestimmte Bereiche

in der Anregungsenergie werden Verteilungen in folgenden
Variablen gezeigt: Neutronenenergie, Winkel zwischen den Impulsen
der beiden Neutronen, Summe und Differenz der beiden Neutronen-
impulse und Winkel zwischen diesen beiden Impulsen. Alle diese
Verteilungen sind korrigiert beziiglich Nachweiswahrscheinlich-
keit der Z&hler und geometrischer Akzeptanz. Die Anregungsspek-

tren sind in absoluten Raten pro gestopptem Pion angegeben.

Information wurde erhalten lber die Spektralfunktion Snp(q, ES)
und die Quantenzahlen des Neutron-Proton Paares, das an der
Absorption beteiligt war. Schliisse liber den Reaktionsmechanismus

werden gezogen.

Die Ergebnisse werden mit theoretischen Vorhersagen und anderen

Reaktionen verglichen.
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I. Introduction

For the'pibn'asfa'bdébn trué'absbréﬁibnitakés placé in
nuclei. The first reaction oné might consider is the
absorptiOn by one nucleon with subsequenf emission of
that nucleon; In cése of absorption of stopped T the
nucleus receives practically no momentum but an energy
of about 140 MeV corresponding to the pion rest mass.
The single nucleon would take up this amount as_kinetic
| energy and depart with a correséonding momentum of
roughly 500 MeV/c.‘As the pion contributes essentially
no momentum, the‘nucleon must have had a momentum of
that order before the reaction already. The probability
of such momenta in the nuclear wave function is very
small and, therefore, absorption by a singlé nucleon is .

largely suppressed.

As a result of these considerations the hypothesis of
absorption by two correlated nucleons as the dominant
process was proposed by Brueckner et al [1]. In this
case, the two nucleons would share the energy available
and leave the nucleus with a large angle between their
momenta, the so—-called back-to~-back emission. Thus, the
two outgoing nucleons would have a high relative momentum,
0-5|(§1—§2)|= 300-350 MeV/c, cdfrespondiné to a distance
of roughly 0.6 fm. o

Starting from these facts one hopes to learn something
about shortrange nucleon-nucleon correlations by studying

this process [2].

Several experiments confirmed the hypothesis of the

importance of the two-nucleon mode.



The reactions investigated were mainly (m , 2n) [3-7]
with stopped m as well as (ﬂ+, 2p) [8-10] with ﬂf of
.energies between 30 and 80 MeV. The energy resolutidn.
and statistics obtained greatly differed from experiment
to experiment. So far, only two measurements [9,10] both
being (ﬂ+, 2p), allowed to investigate systematically
the most important nuclei of the 1p-shell with a
reasonable resolution and statistics.

Emphasis in the (m, 2 N) experiments was laid on the
investigation of two-hole states in nuclei, as far as
their separation energies, momenta,‘angular momenta
and isospins are concerned [11]. Like in two-nucleon
transfer or quasi-free knockout reactions of the type
(d,a) and (p, pd) respectively; information_obtéinable
from pion induced tWO—nudleon emission can be divided

into two main categories:

a) Information on the reaction mechanism:

One interesting aspect‘is a possible dependence of
the w NN;interaction on the quantum numbers of the
two nucleons, i. e. angular momenta and associated
main gquantum numbers, spin and isospin. Also the
influence of the pion angular momentum with respect

to the target nucleons can be studied.

In this context, a comparison between (m , 2n) and
(ﬂ+,'2p) results might likewise yield information
about the 7 NN-interaction. These two reactions are
related via charge symmetry and lead to the same
residual nucleus, but due to différent initial pion

states the results are not a priori identical.



b) Nuclear structure information

Results can be obtained on the distribution of separation

éhéfgy'6EW£W6-HSié”é£atéérin nuclei as well as on momentum
and angular momentum distribution of nucleon pairs.

‘In principle, the process also provides information

about nucleon-nucleon correlations. This, however, is
masked to some extent by other effects and will be

discussed later.

In cohnection with information about the reaction mechanism
and nuclear structure it must not be overlooked, however,
that they are not a priori completely independent of each
other. For example, depending on how well the target nucleus
can be expanded into two nucleons and the residual core, the
reaction mechanismmight change. The reaction itself is
sensitive to both aspects, i. e. to the reaction mechanism
~as well as to the nuclear structure. Basic knowiedge or
assumptions concerning one aspect will help to interprete
the other. A typical input used with respect to the nuclear
structure are the calculated coefficients of fractional

parentage (c.f.p.) for two-nucleon removal.

Only some important aspects can be indicated in the frame
of this introduction. For more information and many
references the reader is reférred to the review articles
by Koltun [12] and Hifner [13].




IT. Kinematical Quantities and Quantum Numbers

II. 1. Kinematical quantities

Fig. 1 shows the kinematical variables used in the text.

p=1/2(p,-p,;)
q=-(p;+pP,)

Fig. 1: Kinematical variables used in the text



We measure the time-of-flight and the directions of
the two neutrons emitted. This allows to calculate the
kinetic eﬁergies E1, E, and the two momenta 51; Eé. For
stopped pions three independent variables are sufficient

to determine the kinematics ‘completely.

We then calculate the following variables:

> ->
P " Py
Opening angle w = arc cos —_—
p1 - Py
. > > > s
Recoil momentum q = - (p1 + p2); its magnitude g is equal

to the momentum of the center of mass of the two nucleons

with respect to the target c.m.

As the piQn contributes essentially no momentum, q is
also equal to the momentum of the c.m. of the absorbing
~nucleon pair before the absorption. Here we neglect

effects of final state interactions (see II. 5.).

Relative momentum E = % (51 - 52)

Angle 6 spanned by relative and c.m. momenta

- >
8 = arc cos B9
P - g

One of the most important quantities to be calculated is

the excitation energy Ex of the residual nucleus:

EX = Q- By - By - Ep

with ER = q2/2 © Mg, the kinetic energy of the recoiling
nucleus with mass MR.

The Q-value is defined as:

Q=m - binding energy of an np-pair - (mn - mp).




The last term takes into account the fact that the
negative pion‘transforms a proton into a neutron T o+

np » nn.

Y

IT. 2. Relationship between p and g

p and g are related via energy conservation. From Fig.

1 we derive:

2 -
p5 = +§a° - pa - cos o ()
and p? = p2 + % q2 + pq + cos 6 - (2)
‘therefore, p% + pg = 2 p2 + % q2 (3)

Using the energy conservation:

B ' : 2 2. . 2
Q—EX—E1+E2+ER—(P1+P2)/2mn.+q/2MR
Together. with (3) we get:

_ 2
m_ - (Q - E) =p +

Nl—
—~
=
+

n . :
0 ME_) q (4)

For a given target nucleus A and a fixed value of EX we

thus have:
p2 + aq2 = C | (5)
with a = 1 (l + EIE) and ¢ = m_ (Q - E_) |

2 2 MR n x'*

With M, = (A - 2) - m, it is found that in the 1p-shell

a varies from a = 3/8 (6Li) to a = 2/7 (160).

For intensity reasons this experiment was mainly

performed with large opening angles w > 150 ©. Therefore,



small recoil momenta q were preferred.

In Fig. 2 we present the variation of p as a function of

q for representative values a = 0.3 and Q - Ex = 110 MeV.

It can be seen that p is rather large and varies in a
small range only; the distribution of relative momenta
must be a very narrow curve. The maximum value of p is

simply

Ppax. = /mn - (Q - EX), it is the value for

q = 0, which implies w = 180 © and E, = E,.

In the process of pion absorption by a nucleon pair we

investigate high relative momenta between the two outgoing

nucleons.
320
310
(&)
g
O
= 300
ol
290 | .

1 1 1
50 100 150 200 250
q (MeV/c)

Fig. 2: Relative momentum p as a function of the c.m.
momentum g




‘Through the uncertainty relation .p = 300 MevV/c can be
rélated‘to a distance of roughly 0.65 fm which the two
nucleons are assumed to have at the moment of absorption.
Therefore, one can hope to learn something about the
short-range behavior of two nucleons in a nucleus. In
this context, it should also be mentioned that the
initial state p can be different from the measured

‘quantity p.

IT. 3. Relationship between w and g

In the plane spanned by w and g only a certain part is
allowed kinematically. For instance, q = 0 is possible
only with w = 180 ©. For all other values of w a minimum

q exists. From Fig. 1 we derive

_ 2 2 2 |
2 pypy COS w = py +p, - 4 p : (6)
inserting Egs. (1), (2) and (3) one obtains
1 2
_ 4 9 - P2
cos =.v/2 N R A A (7
: p" + 74 )" = p"gq” cos” 6

from which we get w > 90 ©, g < 2p

w =909 qg=2p

w < 90 9, g > 2p
For w = 90 © it follows that p and q are fixed at one
value depending only on the target nucleus and on Ek:

g = 2p and from Egqg. (5) q (w = 90 9) =v < __

+ a

PN

Inserting (5) into (7) we obtain:
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qf - (aty) -
COS W = ~— : , - (8).

Vig® (4 - a) + c1? - (c - ag®) ¢° cos® 6

The extrem value of cos w.(for fixed q) follows from (8)
with cos 6 = 0: ‘

o , a® (a +'%)'- c ;
COS. Wy = —5 7 or, equ;valently:
qg (3 -a) +c
/=
Gext 1-cos w

a +

4 (1+cos w)

Actually, for w > 90 © this deyt turns out to be the

minimum q and for w < 90 © the maximum q.

In Fig. 3 the shaded area indicates the allowed région,

calculated for the transition

16O (v, 2n),14N

3.9 MeV®

ITI. 4. Relationship between 6 and g

In the plane spanned by 6 and q no points exist that
are forbidden a priori. A restriction is imposed if the
experiment is limited to a definéd w—-range. In the
following we limit ourselves to the case w = 180 ©

max
and 90 © < @_, < 180 ©,.
min
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q (MeV/c)

- 200 , 400 600
180° } - } } b }
%

™y, - c
’ —9 =\ e

3 - -

g
0o

" Fig. 3: Kinematically allowed region in the plane spanned
by the recoil momentum q and the angle w (see also
text). '

From Eq. (8) we get:

V/X- /cos2 w

cos 6 = ¢+ b > 5 : (9)
(c-aq”)-q

with x = [q°( - a) + cl’ and'y = [g°(a + 7) - c]?

The two signs in Eq. (9) reflect the fact that for reasons
of symmetry the 6-distributions must be symmetrical around
6 = 90 ©.
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The shaded area in Fig. 4 shows the allowed region, again

14. . o
N3.9 MeV and ®oin T 150

Because of the experimental limitation in w recoil momenta

for the transition 160 (r~, 2n)

g are completely measuredionly up to g = q°; see Fig. 4.

q (MeV/c)

200 300

4 l
T

—

Fig. 4: Experimentally covered region in the plane spanned

by the recoil momentum g and the angle 6 (see also
text). :

Beyond that value the phase space is restricted and only

on the assumption that the matrix element is independent
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of 6 the g-distributions at high g can be given.

Eq. (9) with w = Woin andrcos 6 = 0 gives
q = V/ c (1+cos wm%n) 1 (10)
cos w_.. (a—z)+a+z

In our example g”= 167 MeV/c.

All g-distributions shown are indicated up to the highest
recoil momenta measured. For g > q° the assumption mentioned
above regarding 6 was made, see also II. 8. ‘

All the reported 6-distributions are integrated over g up

to g =4g"

II. 5. Recoil momentum distributions

.The special importahce of the measured recoil momentum
distributions lies in the fact that they reflect the motion

of the c.m. of the absorbing nucleon pair with respect to

the c.m. of the target. As the pion contributes essentially
no momentum, tHe g-distribution is the momentum distribution
of the c.m. of the pair before absorption, except for effects
of final state interactions between the nucleons and the

residual core (so-called diétortions).

In the following treatment we adopt the picture of'a
quasi-free pion absorption by a nucleon pair in the target
where the residual core just acts as a spectator and we
neglect final-state interactions. In a shell model ‘
description a transformation can be performed from the

individual coordinates of the two nucleons to c.m. and
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relative coordinates of the 2N-system, the Talmi-
Moshinsky-transformation [14].

‘I’ 121'
> >

L and 1, respectively. We then have I1 + 12 =f =1+

We denote the correspondihg angular mdmentarﬁyrl

L. The energy conservation in the shell model gives

2 (n +n2)+l

1 1

where N,, Dy, N, n are the corresponding principal

+'12=2(n+N)+1+L,

quantum numbers. The last equation also guarantees the
parity conservation

-+t = et L

For removal of different nucleon pairs we thus obtain
(see also Ref. 14 and Chapter 2 of Appendix A) the following
possibilities. ‘

For two nucleons from the 1p?shell, i. e. p2—removal,

l1 = 12 = 1 —~and
- we have A = 0, a) 28 (N=1, L=0) x 1s (n=0, 1=0)
b) 158 x 2s
A =1, c) 1P x 1p
A=2, d 1D x 1s
e) 18 x 1d

In all cases the parity of the residual nucleus is

identical to that of the target nucleus.

For s1p1-removal we have
A =1, f) 1P x 1s
g) 18 x 1p
and the parity of the residual nucleus is different from

that of the target nucleus.
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For sz—removal we have
A=o0, h) 1S x 1s
and again the residual state and the target nucleus have

the same parity.

Some remarks should be made on the combinations a) - h).
Usually, 1 = 0 is assumed in the initial state because

for 1i # 0 it seems uncertain whether the angular momentum
barrier allows a sufficiently short distance between the

two nucleons to make the process happen.

The calculations by Cohen and Kurath [15] and Balashov et

al. [16] of the coefficients of fractional parentage (c.f.p.)
for two-nucleon removal were made for reactions of the type
(d, o) and (p, pd) requiring li = 0. However, the important
quantity .in their calculations is A and the results obtained
by these authors are equally applicable to this experiment

in which li = 0 must not be fulfilled a priori.

As this measurement was performed mainly for large
angles w, small recoil momenta q were preferred. This
results in a suppression of L # 0 transitions and, therefore,
in the case of A = 2 combination e) 1S x 1d may appear.
For s1p1—removal combination g) 1S x 1p may be of some

importance.

The transition matrix element Mfi for pion absorption
can be related to the momentum distribution of the c.m. of

the pair [17,18]

Mg; = const.:- ¢ (q)

where ¢ (gq) is the Fourier transform of the c.m. wave

function of the pair. The pion is assumed to be absorbed
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from the P orbit and the absorption should occur at zero
‘range between the two nucleons. In general, i. e. without
the zero range approximation, the Fourier transform of
the relative wave function has also to be taken into

account [18] ¢

Mg, = const."¢ (q)-t(p).
The wave fuhction of the c.m. motion of the pair can

be evaluated using e. g. a harmonic oscillator or a square
well potential. If there is an experimental preference for

a small g or if for different reasons, like surface absorption,
the contribution from small radii is suppressed, the square
well potential Should give better results. Contrary to the
harmonic oscillator potential, it does not become infinite

for large radii and thus describes more reasonably the
asymptotic part of the wave function. This asymptotic part

is essentially determined by the binding energy of the

particles.

The change of the momentum distributions with increasing
separation energy was pointed out by the authors of Ref. 18.
In this case, the average radii will be smaller and, hence,

the average momenta larger.

In any case we expect for L = 0 g-distributions with
their maxima at g = 0 and for L # 0 with a minimum at’
g = 0; see also Fig. 2 in Appendix A. Various effects will
modify the shape of the g-distributions. We mention here
initial state correlations, rescattering (see Chapter III.),

and final-state interactions.
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If the contribution from the internal parts of the
nuclei is higher, like in the case of absorption by two
s—-shell nucleons, the distortion is expected to‘haVe a

bigger effect on the observed g-distribution.

IT. 6. 6-distribution

The importance of the anéleAe was emphasized by Koltun
[19]. In the quasi-free picture with a. two-nucleon impulse
approximation the 6-distribution allows conclusions to be
drawn on the angular momentum structure of the nucleon
pairs involved. The angular momentum and isospin selection
rules,‘which will be elaborated in Chapter II. 7., have

to be taken into account too.

The excitation energy Ex’ recoil momentum q, andgangle
8 form a complete set of variables. For a fixed Ex.tﬁe

distribution of events may be expressed as

a®R(q, )
dg d cos 6

= const. *+ PSF - |M(q,9)|2.

The phase space factor PSF. will be calculated in II. 8.
For fixed g the 0-distribution F (6) can then be expanded

in a series of Legendre polynomials:

F(6)= const. Za-Pr(cos 0)

where according to Koltun [19]

|Lf—L‘

£ SrS|Lf+L'| and |lf—l%|SrSJlf+l%| .

£

The index f refers to final-state values of the angular

momenta.
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It follows that for Lf.= 0 F () = const. We shall see
that F (6) = const. is frequently observed in the experiment.
It was alfeady mentioned that for reasons of symméfry FW(G)V
must be symmetrical around 6 = 9009, i. e. r can only be

even.

II. 7. Angular momentum and isospin quantum numbers and

selection rules

The transformation from 11, 12 to L and 1 was mentioned in
II. 5. We keep the model of direct, quasi-free absorption
("two nucleon impulse approximation") and use the notation

of Fig. 5 for the angular momenta.

CM.oft 2N - system

Fig. 5: Angular momenta used in the text
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The origin 0 is in the c.m. of the target nucleus; lﬂ

is the orbital angular momentum of the pion (we take

only atomic S- or P-absarption). L and 1 have already

been defined, A is the pion angular momentum with respect

to the c.m. of the two nucleons, and Acm the angular

momentum of the c.m. of the m 2N-system.

a) Conclusions from lTT =0 or 1

In the quasi-free model angular momentum and parity have

to be conserved within the m 2N-system, i. e. X is the

relevant quantity rather than.lﬂ. Similar to the

transformation 11, l2 + 1, L mentioned previously we

can make a transformation l", L+ 2, Acm'

Then we have the conditions

> - > >

L
cm

1TT + L =X 4 ) and '('—1)11r+ = (-1)X+>\.Cm-

For l1T = 0 (S-wave pions) one obtains the following

possibilities:
L=20, X, =0, 0
cm : ,
L =1, A,Acm =0, 1Tor1, 0
L=2, A, =0, 2o0r 2, 0
cm
For l1T = (P-wave pions) more possibilities

1
> >
for lTT + L.

L =0, A,xcm =0, 1Tor1, 0
L=1, A’Acm =0, 0or 1, 1 or
L =2, A’xcm =0, 1o0or 1, 0 or

For L = 1 and L = 2 only the lowest possible
of A and_kcm are llsted.

exist

2, 2
1, 2 or 2,

values
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Forvmost_of the nuclei studied here lTr = 1 is known
to be dominant and combined with the geometrically
“favoured L = 0 the relevant angular momentum A can be 0

or 1. But due to the fact that m >> m_, the c.m. of

2N
“the m 2N-system is very close to the c.m. of the nucleon
pair, i. e. Acm = L in a first approximation and then
A=1_.
m

b) Koltun’s selection rule AL = 0 [19]

As we regard only pions moving slowly with respect to the
target nucleus, it seems plausible to assume that there
will be no angular momentum transfer to the c.m. of the

two-nucleon system, i. e. AL = 0.

This can be put in more quantitatiVelterms. Let a and Eﬂ
be the momentum of the c.m. of the two nucleons and the,
pion momentum,; respectively, both with respect to the
target c.m. Then the relative momentum between the pion

and the nucleon pair is

> 2 >

3 M,d = <MgPg
Prel T Zm. Fm
N i)

Its magnitude can be estimated:

1

Prel = sz T o = 17 MeV/c = 0.08 fm

for q = 200 MeV/c and p, 3 MeV/c for absorption from
the atomic 2P-level in 12¢ n=2, 2 =26).

For a distance d = 1 fm we get

d =~ 0.08 (in units of’h)

< .
AL .Prel
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and thus AL = 0 seems to be preferred indeed, at least

for light nuclei.

In the case of AL = 0 it is clear that the pion angular
momentum and parity can affect only the "internal" quantum
numbers 1 and S of the two nucleons, the latter being the

two-nucleon total spin.

c) Transition rules for the two nucleons

We first assume AL = 0 and restrict ourselves to (m , 2n)
or (ﬂ+, 2p) where the isospin of the two nucleons in the
final state must be unity, Tf = 1. Because of the negative
intrinsic parity of the pion P1T = (-1)A+1. The notation

J=1+6S is used in the following parégraphs.

For s—absorption of the pion (A = 0) we then have

Al =1, A =0 (1)
and this gives the following isospin selection rules.
i) For 1i = odd T, = 0 is forbidden:

From the Pauli principle we derive in this case Si = 0.

Eq. (11) implies AS = 1 and therefore Sf = 1 and lf

The Pauli principle would require Tf = 0 which is not

allowed for two identical nucleons.

even.

ii) For li = even both Ti = 0,1 are allowed:

The case li = even and T, = 0 implies S; =1, generating,
generally, more possibilities of combining li and Si such
that A1 = 1, AJ = 0 is possible without a change of S.
The case li = even and T, = 1 implies S; = 0 and with

AS = 1 we get Sf =1, lf = odd. This imposes Tf,= 1 which

is correct.
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TS _ 01 11
Egamples. lJ = ~S1 -+ P1
10 11
“5¢ 7 Py
For p-wave absorption (A = 1) we obtain
Al = 0,2 and AJ = 1. (12)
iii) For li = even we now..find Ti'= 1 forbidden:
li = even and T, = 1 imply S; = 0. Using Eq. (12) we find
As =1, i. e. Sf = 1 and lf = even. This in turn implies
Tf = 0 which is not allowed.

iv) For li = odd both Ti = 0,1 are allowed:

If l.l = odd, Ti = 0 we have Si = 0. Then AS =1, i. e.

S¢ = 1 and 1; = odd, implying T, = 1. In the case 1, = odd,

T. = 1 we have §; = 1 and this spin 1 can easily make

>
(o]
1l

1 without change of S.

Examples: 00P > 11P M

1 P

0’ 2

My » oo Ve, o lp,, 1

0 1 P

2
As a summary, for AL = 0 one obtains the following isospin
selection rules: '

S-wave pion (A = 0), for li = odd 6nly Ti = 1 is allowed,

wheréas for 1, =.even T, = 0 and 1 are allowed.

P-wave pion (A = 1), for li = even only Ti = 0 is allowed,

whereas for’li odd Ti = 0 and 1 are allowed.
If li = 0 is assumed on the basis of the close correiation
and the Koltun rule AL = 0 is respected, the following

transitions should be the most important ones:
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For S-wave pions (A = 0) 1080 -+ 11P0

and. . S, P,

1 1 .
For P-wave pions (A = 1) 0151 -+ 1080
S
10
Dy

For the case AL = 1, which is in principle allowed but
should be much less frequent, one obtains:
In case of S-wave absorption (A = 0) Al = 0,2 and AJ = 1
in order to conserve parity and angular momentum. Therefore,
we have the same selection rules as for the case AL = 0 and
A = 1. In case of p-wave absorption (A = 1) Al = 1 and AJ
= 0 in order to conserve parity and angular momentum.
Therefore, the selection rules are identical to the case
AL = 0 and X = 0.

" In connection with the isospin selection rules above it
should be mentioned that for target nuclei with T = 0

T, will be the same as T of the residual staté. For example,
if Ti = 1 is forbidden, no levels with T = 1 should be

excited in the residual nucleus.

IT. 8. Phase space

Except for multiplicative constants, the phase space factor
is given by

PSF = S 6 (B, + By + &) - 8(E; - E) d3p1 : d3p2 . a?,

3. . 33
S 6 (Ef—Ei) a p1 _d pz
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2 2 o2 S &
Eg = Ey + By + By = (p] + py)/amy + q7/2Mp = =+ 5o F
2 n n
q -
2M
E. =Q - Ex’ see II. 2.

i
> > -> >

Now we transform from the variables Pyr Py to p and q,

> -1 > > > 1 -+ >

Py =34 + p and P, =~ 549~ P-

The corresponding Jacobian turns out to be unity:

- >
3 (pyr Py) 1

=

3 (d, p)

Therefore PSF

3.3
fﬁ(Ef-Ei)-d p-d g=

JS(E —E.)-pz-dpfdQ -q2-dq-dQ =
£ i 2 2P 4
4ﬂf6(Ef—Ei)-p -q -dp-dq-qu

The integration over de has been performed and for the
integration over qu the direction of E is chosen as the
z—-axis, in which case qu = d cos 6 - d¢. Integration over

d¢$ gives another constant of 27 and so we obtain

PSF = const. [ G(Ef—Ei) pz-qz-dp-dqfd cos 6
E
= —g.)-dE.. (£ )y~ 1. 52.42.4q-
const. [ G(Ef Ei) dEf,( ab ) p“-q4-dg-d cos 6

const. [ p-q2-dq-d cos 0.

Therefore, the transition rate as a function of g and
0 takes a particularly simple form:

dzR

= const. ° p-q2- M (g, 6) 2
dg+d cos 6
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In case that the matrix element is independent of 0,

integration over 6 is trivial and one obtains for the

recoil momentum distribution
dR
dq

=‘const. . p'qz . |M (q).z'

It should be mentioned that in case of an experimental
limitation, like a Woin’ the phase space factor calculated
here has to be modified for q > q°, g° being defined in
II. 4. We have determined this modified phase space by

means of a Monte Carlo program.
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IITI. THEORY OF PION ABSORPTION

'Only. the most important>aspects 6frthe many theoretical
calculations shall be mentioned here. The already cited
review articles [12,13] and the one by Kopaleishvili [20]
givé a general survey and many references. Most theoretical
attemps have been undertaken using the model of quasi-free
absorption by a nucleon pair. In the following points a) -

e) the main difficulties will be described.

a). Pion wave function

For stopped pions hydrogen-like wave functions are normally
used and optical potential effects are neglected. For pions

in flight a plane wave is the usual assumption.

b) Realistic wave function of the target nucleus

Most authors start with shell model wave functions or, for
very light nuclei like 6Li or 7Li, with cluster model wave
Eunctions. The target nucleus wave function WA (;1, .......
rA) is then expanded in all possible states of. the residual

nucleus (A-2) plus the motion of the two nucleons

A (r1, ......... ,rA) = 7 C'TA_Z (r1, ......... ’rA42) . Tz

C are the relevant coefficients of fractional parentage
(c.f.p.). They depend on all internal quantum numbers of
the two subsystems. The summation extends over these
quantities, i. e. excitation energy, angular momentum,
spin and isospin. The initial state 2N wave function can

be separated into relative and c.m. parts [14]:
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> -> > >
Wz(rA_1, rA) = ¢ (r): ®(R)
where £ = 1+ (G, -E,) ana R = 7,4
where r = 3 rA_1-rA) an = rp_q¥r,-

For a detailed comparison with our measured excitation
energy spectra knowledge of the distribition of two-hole
"states in TA is very important. Such c.f.p. calculations
for -two nucleon removal are available [15,16], but only
for removal from the 1p—shell.l0nly very few detailed
theoretical predictions exist reqgarding the excitation

energy spectrum in pion induced reactions [21-23].

The c.f.b. contain pure nuclear structure information and

as the pion absorption reaction mechanism, in principle,
selects special pairs of nucleons, one can expect interesting
information from a'detailed comparison between experimental
pion results and the c.f.p. prediétions. Therefore, such a

comparison will be made here.

c) Correlation between the two nucleons before the absorption

A long time ago it was realized that a pure shell model
description underestimates by several orders of magnitude
[2] the experimentally observed total absorption rates of
bound pions. A way out of this problem was the inclusion

of short-range correlations (SRC) that modify the nucleon
pair relative wave function ¢(;) at short distances. The
form of these correlations is in most cases a multiplicative
factor, the so-called Jastrow factor, éontaining a single
parameter function supposed to describe effects of the hard
core on ¢(;). Chung et al. [24], for instance, used the

following factor:
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f (r) = 1—j0 (gr), j0 = spherical Bessel function.

g is in this case the momentum éxchanged by the two

otherwise independent nucleons. Correlation factors of

the type
f (r) = 1-exp (—arz)

with a correlation parameter have been used by many .
authors [25-28]. The factors are always such that they
become zero for r - 0 and 1 for r - «», i. e. for large

r ¢ (r) remains unchanged.

Finally, it should be pointed out that not all authors
agree on the necessity of SRC and.on the way this aspect
of pion absorption should be treated; see for instance
Ref. 29.

d) m NN-interaction operator

For the description of pion induced nuclear reactions the
bound nucleons have to be treated»non—relativistically,
i. e. the non-relativistic. form of the m N-interaction is

required. Mostly the so-called Galilei-invariant Chew-Low

Hamiltonian
H = £33 (v.-v.)(1,-06) > L. (v m’"V)( o)
N - PO VeV VI O m; N VT Tmg N VTN

has been used where f, f° are coupling constants, gN and

T are nucleon spin- and isospin operators, and @ﬂ is the

N
pion wave function. The first term in HﬂN’ with Gﬂ or Vn,

corresponds to the limiting case of a fixed nucleon (static

case) and the second tefm, with v or-VN, takes into

N
account a moving nucleon (Fermi-movement or recoil) ‘and

ensures the Galilei invariance of H1T Regarding the atomic

N°
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1S and 2P pion wave functions (see for instance Ref. 24)

one realizes that the first term practically drops for

' 1S-absorption because in a first approximation VHQ;S =0
within the nuclear radius. On the other hand, for 2P-
absorption the second term becomes negligible because
QﬁP<<¢;S within the nqcleus. Therefore, in a first.
approximation the first term of HTTN describes P-wave
absorption, whereas the second describes S-wave absorption.

In the quasi-free two-nucleon model summation over
just two nucleons is carried out for calculation of

matrix elements:

m

éf’g (5 (7 = T v (e )1, D
- — ‘(T 1
Mey2q  NOOT N N Ny
H is the simplest, Galilei-invariant expression for the

TN
TN-interaction and it can also be derived from the Lorentz-

invariant, pseudoscalar mN-interaction (y5—coupling) as the
non-relativistic limiting case. However, this reduction to
the non-relativistic case is ambiguous; see for instance
Ref. 30. .

Apart from the Hamiltonian just described a phenomeno-
logical ansatz for two nucleon absorption was developed
[31]. It assumes zero range approximation and contains 4
independent coefficients fixed by pion production data.

An important addition to H1T was proposed by Koltun

N
and Reitan [32], namely s-wave scattering of the pion by
one nucleon before absorption by the second nucleon (so-

called rescattering formalism). They incorporate normal
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and charge exchange scattering on the first nucleon.

In case of absorption by the free deuteron they found
the charge exchange scattéring and the d-state (1 ='2f
admixture to be important.

Applying their theory to the reaction 6Li (m, 2n)4 He
Koltun and Reitan [33] emphasized the importance of
rescattering on absolute rates and momentum distribution
of the quasi-deuteron. Again the 1 = 2 contribution to
¢(;) played a role. Kopaleishvili and Machabeli [34]
argued that when taking into account rescattering the
final state nucleon-nucleon interaction (see part e) -of

this chapter) may be neglected.

Also in recent calculations by Hachenberg et al. [29]

rescattering has been used.

e) Interaction of the outgoing particles

In the final state of the (m, 2n) reaction we have at
least three interacting particles. This fact makes the
theoretical description very complicated as it requires
Faddeev equations or something equivalent. For two
nucleons and the residual core we have the NN-interaction
and the interaction between nucleons and the core, the

distortions.

There is no agreement in the literature on the relative
significance of these two effects but in most treatments

the distortions have been neglected and ¢ (ﬁ) has been

f
approximated by a plane wave.

Concerning the NN final state interaction (FSI) many

authors used an asymptotic form for ¢f(;) derived from
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experimental NN scattering data. Strictly speaking, this
approximation is only valid outside of.the interaction
region. A second possibility is the exact solution of the
Schrddinger equation for NN scattering with a realistic
potential (Hamada-Johnston for example) and for a relative
energy corresponding to the kinematics. This method was
used for instance by Koltun and Reitan [33], Kopaleishvili
[35] or Elsaesser and Eisenberqg [36]. Different results
were obtained from inclusion of this more realistic form
of the NN interaction. Kopaleishvili found a relative
increase in p2—removal as compared to s1lp1 and sz-removal.
Elsaesser and Eisenberg found an increased emission at

large opening angles.,

There are at the moment only few theoretical attempts
that include NN final state interactions and distortion.
Kaushal and Waghmare [37] used an optical potential for
the distortion and concluded that they are even more
important than the NN-FSI. They also showed that the

recoil momentum distribution is modified by the distortions.

Theoretical works with a completé three body description
of the final state are Refs. 27 and 28. Garcilazo and
Eisenberg [27] solved the Faddeev equations with separable
~potentials whilst Morris and Weber [28] used a coupled
channel formalism with realistic potentials. The most

important conclusions drawn by Morris and Weber are:

1) The NN soft core FSI broadens the energy and. angular
distributions and produces a relative minimum at w =
180°. The last statement is in clear disagreement with

known experiments.
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2.) SRC’s are absolutely necessary to explainlthe
(m, NN) reaction. In agreement with Morris and
“Weber, Garcilazo and Eisenberg confirm the importance
of the distortions and the necessity of the initial
state SRC for the reproduction of the 180o correlation

observed.

Summarizing it can be said that for the time being
no theory exists that considers in a satisfactory way
all aspects mentioned under a) - e). It is not clear
which effects (short-range correlations, rescattering,
final state interactions) are the most‘important and
what is their individual influence on experimentally

obtained results.

As to the old motivation for (m, NN) experiments, namely
to learn something about short-range correlations, the
following statement can be made. It is certainly not
easy, if at all possible, to get this information because
in the experimental results their effects are masked by
the final~state interactions. Only if the latter can be

treated appropiately, one can hope to obtain information
about SRC.

For a more detailed comparison with the ekperiment
theoretical predictions on the excitation energy spectrum
are needed, including high Ex’ i.e. removal of s-shell
nucleons. Energy, momentum and angular distributions
should be calculated for certain excited states or regions

in excitation energy.
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IV. EXPERIMENTAL SET-UP AND DATA ANALYSIS

IV. 1. Experimental set-up

The experiment was performed at the low energy pion

channel of the CERN-SC II in 1975/76. The internal proton
beam intensity was 1-2 pA. The pion of 70 MeV kinetic

energy were degraded in Teflon plates and stopped in targets
of ~5 g/cm2 thickness. The stopping rates were of the

order of 1.5 x 10° sec”|. About 40 % of the beam consisted

of pions, the rest being muons and electrons.

Fig. 6 shows schematically the experimental setup. All
counters were plastic scintillators. Stopped pions were
detected in counters CI - CV and the hodoscope with a
conventional 1, 2, 3, hodoscope, 4, 5 logic. CV served as
an anti-counter. CII, with the dimensions 12 x 12 x 1 cm,
gave the start signals for the two neutron times-of-flight.
For optimum time resolution it had a pair of twisted-strip
light-guides. and one RCA 8850 photomultiplier on each end.
The measured time resolution of this counter for minimum

ionizing particles, i. e. pulses of 2 MeV, was 300 psec.

Apart from the logic signal also the pulse height of
CIITI was registered for each valid event in order to get
some idea about the pion stopping point in the target in
thé beam direction. For each run and corresponding degrader
thickness the pulse height of CIII was calibrated by
inserting 12C plates of various thicknesses as targets

and recording the pulse height distribution.

The hodoscope between C III and C IV consisted of 4
strips of 2.5 cm width each, mounted on SEN 1045
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Fig. 6: Experimental set-up
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photomultiplier assemblies. It determined with an'accuracy
of about 1.5 cm the pion stopping point in the target
perpendicular to the beam direction. C IV was a very thin
(0.5 mm) scintillator and rejected the pions which had

stopped in the hodoscope and not in the target.

The anti-counter V was relatively large in area, 30 x
25 cm, and 1like C II and C III it had a pair of twisted-
strip light-guidés and RCA 8850 photbmultipliers. The
threshold of its discriminator was kept as low as possible

in order to ensure high efficiency.

For the detection of the two neutrons we used two
large-area, position-sensitive time-of4flight counters
with the dimensions 200 x 48 x 9 cm. They will be described
in Iv. 2. "

10 12

For the targets 9Be, B, C and 14

N the distance from
the target to the neutron counters was 4.5 m and the angle
between the lines connecting the center of the counters
with the target was 1600. In the case of L1, "Li ana '%0
they wefé‘S.S m and 169°, respectively. With 16y an.
independent measurement was performed at 4.5 m distance
and an angle of 1409. The covered range for the angle w
was 140-180°, 150-180° and 125-1600, respectively, for the

three cases just mentioned.
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IV. 2. Neutron counters

The picture below shows one of the two neutron counters
used. Their design is based on a smaller prototype counter.
Its construction and testing is described in Refs. 38 and
39. Therefore, only the most important features will be

explained here.

Each of the two counters used in this experiment consists
of 4 moduls mounted on top of each other. Each module is
subdivided into 12 scintillator rods, 6 in depth and 2 in
height. The whole counter is assembled from 48 optically

isolated rods of 200 x 6 x 1.5 cm each.
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The material is NE 110. The total thickness of 9 cm was
chosen as a compromise between efficiency and unwanted
number of double-scattering events. The subdivision in
depth allowed a better localization of the neutron

interaction point and thus improved the resolution.

A pair of 56 DVP photomultipliers was attached to
each module. They provided the information on time-of-
flight and on the time difference between the arrival
of the light signals at both ends and on pulse height.
From the time difference the neutron impact point along

the counter was determined.

Apart from the eight 56 DVP’s 30 small tubes, SEN
1045, were mounted on each counter. For each valid event
the pattern of all phototubes producing a signal was
recorded. Later, in the off-line program, this allowed
to recognize those rods that had emitted light and thus
determined the neutron impact point vertically and in
depth.

A more detailed description of the counters can be
found in Refs. 38 and 39.

The time resolution obtained with minimum ionizing
electrons, generating 20 MeV pulses in the counter, was
typically 800 psec. This includes 300 psec from the'start
counter. It was measured between one side of the neutron
counter and the start counter with particles hitting the

neutron counter only in the center.
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The spatial resolution was about *4.5 cm along the
counter, resulting in an angular resolution of about
+0,5° for a flight path of 5.8 m.

The resolution finally achieved in excitation energy
of the residual nucleus was 3-6 MeV, depending on the
pulse height threshold, the flight path, and the
excitation energy. This is at least by a factor of three

better than in all previous (m , 2n) experiments.

Calibration of the counters, i. e. adjustment of
high voltages for the phototubes, adjustment of discri-
minator thresholds, and calibration of slope and zero
offset of the time encoders was done before each data
acquisition run. For this purpose, both counters were
positioned in the direct beam of the low-energy pion
channel. Light propagation velocity and light attenuation
in the modules were also determined in the beam.
Knowledge of the effective light propagation velocity is
necessary to determine the neutron impact point along
the counter from the measured time difference between
the left and right ends of the counter. Light attenuation
plays a role in determining the software pulse height
threshold used in the off-line analysis in order to take

into account the efficiency.

IVv. 3. Electronics

Fig. 7 shows a block diagram of the electronics for the
(7", 2n) experiment. The electronic set-up of the two
counters is symmetric and therefore oniy the electronics
associated with the neutron counter 1 (NC 1) has been

represented.
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Fig. 7: Block diagram of the electronics

Notation: D=Discriminator, M=Mixer, CF=constant fraction discr., SH=Shaper, MT=mean timer,
FO=Fan out, TU=Timing unit, PU=Pattern unit, TE=Time encoder, SC=Scaler, NC=Neutron counter,
CC=central coinc., Dl=delayed coinc. NCl, LTPU=large tube PU, STPU=small tube PU, TL(R)=time
left (right), Mi=Master coinc. NCl, ST=Small tubes, PHR(L)=pulse height right (left), TOF=
time of flight, TDIF=time difference
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After the stop coincidence (1, 2, 3, hodoscope, 5)
had registered a stopped pion a gate of about 200 nsec
width was generated. During this time both neutron
counters had to give a signal (so-called master
coincidences Mﬂ and M2) in order to indicate a wvalid
event. In this case, the central coincidence (CC) would
be open and via the so-called delayed coincidences (D1
and D2) gate signals would be generated for the pulse
height and time information from both counters. The
corresponding signals were delayed until the gate was
present. The logic signals from all small tubes and from
one big tube per module were fed without delay into
pattern units. In case of no valid event these units

were reset.

For each valid event the following guantities were
recorded: , | |
four pulse heights (left and right sides of each neutron
counter), four time informations (two times-of-flight
and two time differences), for both counters the pattern
of all big and small tubes with a signal, the pulse
height of C III, and the hodoscope information. In
addition, several flags were set, for instance for the
thin counter C IV or for a second stop signal within a

certain time after the first.

Each valid event generated an interrupt and the on-
line PDP 8L computer read out the CAMAC crate and
transferred the information into a buffer. 31 events
were written on magnetic tape as one block. During the
whole readout and transmission cycle of 2 msec the

electronics was blocked against events by means of veto
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signals. Despite this relatively long time interval,
the dead time turned out to be completely negligible

as the valid event rate was of the order of 0.2/sec.

Separate scalers registered the following rates:

pion stop rate, the most important coincidences like
master, central, delayed and also chance coincidence

rates for which additional coincidences were set up.

IV. 4. Off-line analysis

The very extensive off-line data analysis was performed
on the CERN CDC 7600, to a large extent parallel to data
acquisition. Only the most important points will be

mentioned here.

In order to achieve the desired high resolution in
excitation energy, the time resolﬁtion of the neutron
counters required special care. In particular, the so-
called walk effect (dependence of the triggering time on
pulse height) had to be treated very carefully. We used
ORTEC 473 constant fraction discriminators for this
purpose, but their residual walk turned out to be still
too great. Therefore, we determined for each constant
fraction discriminator the "walk-curves", i. e. we
measured with the counters in the pion beam the dependence
of the signal time on pulse height. The necessary
variation in pulse height was achieved by changing the
high voltages. The reéultiﬁg "walk-curves" were

incorporated into the evaluation program and for each
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event analyzed the time;of—flight and time difference
were corrected accordingly. In this way, the resolution
in E could be improved by 2-3 MeV.

For the determination of absolute rates the efficiency
of the neutron counters has to be known. It depends
critically on the pulse height threshold. For big
counters, as we used them, also the light attenuation
has to be taken into account in order to have a pulse
height threshold independent of the position along the
counter. In case of exponential light attenuation the
geometrical mean value of the pulse heights on both ends,
( PH 0.5

PHy f¢* right) , is independent of the position.
Therefore, in the course of data analysis a software

pulse height threshold was set on that quantity.

This fhreshold was in general 4-5 MeV electrons equivalenf
and was checked to be higher than the hardware threshold

of the.diécriminators. The efficiency was calculated
according to the Kurz code [40] which had been tested

on the prototype counter by comparison with an experimental
efficiency determination [39]. Relatively good agreement
was found. Unless stated otherwise, all distributions

shown here are corrected for neutron counter efficiency.

As we restrict ourselves to nn-coincidences, the events
with at least one charged particle had to be rejected. The
big counters are of course also sensitive to charged
particles. They were identified (mainly protons) by means
of the known relationship between the energy and pulse
height and, in addition, by taking into account that
charged particles trigger in any case the first layer of
rods in the counter. -
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Apart from the neutron counter efficiency, the data
had to be corrected for geometrical acceptance. By this
we mean that the detection efficiency is a function of
the angle w, the position and the size of the two
counters. With a Monte Carlo simulation program this
dependence was determined and used for data evdluation.
Unless stated otherwise all distributions shown are

corrected for this geometrical acceptance.

Events with at least one low energy neutron, i. e.
En < 12-15 MeV, were rejected; the same applies for
events from the last 12 cm on each counter end because

of nonuniformity in the light propagation velocity.

Within the covered w-range and for En > 12-15 MeV
all of our distributions represent the transition rates,
i. e. they are fully corrected and can, therefore, be

directly compared with theoretical predictions.

Recoil momentum -distributions are in general divided
by the three-body phase space factor (see II. 8.) and
thus represent the dependence of the matrix element on (.
For g > q° (see II. 4.) the restriction in phase space
due to the geometry has been taken into account. For the

’

6-distributions q has been integrated up'to q=4dqg

The errors given are statistical errors that take into
account the event by event correction factor for counter
efficiency and geometrical acceptance as well as the
number of events. ng estimated error for the quoted

absolute rates is i30 %. This includes possible losses
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of events during data acquisition, rejection of events
during off-line analysis, uncertainties in the pion stop

rate and in the efficiency of the counters.

V. RESULTS AND DISCUSSION

v. 1. °rni

6Li is probably the best studied nucleus as far as pion

absorption experiments are concerned. The special interest

in this target nucleus centers around the following facts:

a) It is known from many theoretical and experimental
investigations of quasi—free scattering'reactions,
such as (p, pd) [18,41]1, (p, pa) [42], (4, 24) [43],

(d, do) [44,45]1, (o, 20) [46,47] and also quasi-free
~electron scattering [48], that the a-d cluster structure
is an important part of the 6Li g. s. configuration. In
this picture the separation energy of a deuteron in 6Li
is only 1.47 MevV, which means that the two clusters are

on the average ratherlseparated in .space. Therefore,
the quasi-free description of m-absorption is expected
to work well in this case.

611

wave function is fairly well known which is important

b) Due to the large number of investigations the

for theoretical calculations and comparisons with
experimental results.
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c) In contrast to heavier 1p-shell nuclei a not negli-
gible number of pions are absorbed from the 1S atomic
orbit. So far more theoretical effort has gone into

S-wave absorption than into P-wave absorption.

d) Since there are only 2 nucleons in the 1p-shell,
considerable absorption by the s-shell nucleons is
expected which leads to highly excited states of the

residual. nucleus 4He.

e) The distortion effects on these ejected s-shell
nucleons should be less important than in heavier

nuclei.

‘Several authors have so far ihvgstigated experimentally
the °Li (m , 2n) ‘He reaction [4,5,6]. Only in the case
of Ref. 6 more than one peak could be resolved in the
excitation energy spectrum, but the statistics was very
poor (284 events in total). The analogous 6Li (ﬂ+, 2p)
4He reaction was studied with a significantly better
resolution [8,9,10]1, using m7 of 31 to 76 MeV kinetic
,enetgy. The excitation energy distributions were dominated
by two large peaks, a narrow one centered at 0 Mev and
corresponding to the transition leaving 4He in its ground
State, and a much wider peak betwéen 20 and 40 Mev |

excitation energy.

Our measured excitation energy spectrum in shown in
Fig. 8. It is in very good agreement with the aforemen-
tioned (ﬂ+, 2p) results. For the first time in a (m, 2N)
experiment the peak between 20 and 40 Mev provides indi-

cations of fine structure. It, obviously, consists of
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Fig. 8: Excitation energy spectra of “He. Top: all data
(positions and quantum numbers of the known levels are
also indicated). Bottom: events with large recocil momenta.
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several of the known excited states [492] of 4He which

are also indicated in Fig. 8.

This spectrum can be interpreted in the following
way. Absorption by the two p3/2—shell nucleons of 6Li
gives "He in its ground state, whereas the structure
at higher excitation energies results from absorption
by two nucleons at least one of them stemming from the

s-shell. We denote the three possibilities by p’z,

s_-"p—1 and s~ 2.

In a cluster model description the ground state
transition corresponds to absorption by the d-cluster
in 6Li. In this picture the events at higher excitation
energies are due to capture on either one nucleon from
the d- and one from the a-cluster or on two nucleons

from the a-cluster.

A comparison between the excitation energy spectrum
without restrictions and with g > 100 MeV/c, also displayed
in Fig. 8, shows that the ground state events are much
more concentrated at smaller recoil momenta than the events
with higher excitation energies. This is in agreement with
the previous (m , 2n) experiment of Calligaris et al. [6]
and with the (w+, 2p) results given in Refs. 9 and 10. It
can be éxplained by the different separation energies of

the two regions; see Chapter II. 5. and Ref. 18.

Fig. 9 shows a density distribution as a function of
the two neutron energies. The line of events corresponding

to the ground state transition can be easily localized.
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The data showh in this figure are raw data, i. e. not.
corrected for efficiency and geometrical acceptance.
Therefore, the events with higher excitation energies
are somewhat suppressed. The ground state distribution
demonstrates the energy sharing between the two neutrons.
The maximum occurs in the symmetric case where both
nucleons emitted have the same energy.. Away from this
value the neutron energy distributions decrease rather.
guickly. Events in which one nucleon'acquires a major
portion of the energy and the other only little are

very rare.

From many quasi-free scattering experiments and
also from theoretical investigations the reiatiye
angular momentum between the o-and d-cluster in 6Li
is known to be L = 0. Then the quasi-deuteron must
be in the 3S1 state in order to give the correct 6Li
spin J, = 1. ’

—Li

The recoil momentum (q)-distribution for the ground
state, shown in Fig. 10, indeed confirms an L = 0
transition having its maximum at g = 0 MeV/c. The very
narrow width (HWHM ~ 45 MeV/c) is due to the small
separation energy of the two nucleons. This momentum
distribution feflects the motion of the c.m. of the
two p-shell nucleons ("deuteron—cluster") in the 6Li
nucleus. Similar q—distributioné have been obtained by
several of the already cited quasi-free scattering
reactions (see Refs. 45, 47, 48, 50-53). A summary of
- the measured widths of these distributions can be
found in Ref. 45.
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Our value for the half width at half maximum (HWHM)
of the g-distribution is in good agreement with the
(ﬂ+, 2p) results [9,10]. Probably because of worse
resolution the value from a previous (m , 2n) experiment
[6] is slightly higher than ours. In general, the widths
resulting from pion absorption are larger than those

from (x, xy) quasi-free scattering experiments.

In this context it has to be mentioned that in case
of pion absorption the relative motion of the two nucleons
modifies the measured recoil momentum distribution [18].
For the other reactions, like (p, pd) or (d,.Zd), the
quasi-deuteron stays a deuteron, whereas in the (m, 2N)
reaction the 7+ "d" -+ 2N process itself affects the g-
distribution.
Inclusion of the relative motion of the two nucleons
(see'Chapter IT. 5.) makes the recoil momentﬁm distri-
butions broader. Also the distortion can affect the

g-distributions differently for the various reactions.

In Fig. 11 we show again the measured g-distribution
for the transition to the 4He‘ground state together with
some theoretical curves. The solid curve, taken from
Ref. 18, is the Fourier transform squared of a 2S wave
function in'a sguare well potential. It was calculated
with cut-off approximation and taking into account the
relative motion and the separation energy for 6Li -+ 4He +

p + n. It gives a rather good fit to the data.

The dashed curve is the corresponding 2S5 curve for a
harmonic oscillator potential [10,33] neglecting the

relative motion of the two nucleons:



V)
=
Z
D
m
et
<
o
O
—_
O
i
L
o
<
o
)
e
)
<{
I
o
\
x| o
©|T
Fig. 11:

-52-

"Litn,20)" He .

| N S~ ® ¢ o

50 100 150
q (MeV/c)

Measured g-distribution for the transition to the ground
state of 4He. The solid line is a theoretical curve from
Ref. 18 (25-motion in a square well potential). The dashed
and dot-dashed curves are calculated for 2S~-motion in a
harmonic oscillator potential. See also text.
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2 2 g%2 q°
q>ZS(q) = const. M (1 - § 2) - exp — _5)
9y CIO

The parameter dq is related to the harmonic oscillator
length parameter ry which has been taken according to the

r.m.s. radius obtained by electron scattering data [62].

2 2

With dyg = W —3 » Iy = 1.92 fm (corresponding to an

ry
r.m.s. radius of 2.6 fm, see Ref. 62) and the reduced
mass of the two nucleons and the residual 4He H v % mn
one obtains dqg = 118.7 MeV/c. The curve, however, is too

wide to fit the data.

By changing the parameter d to dg = 92.4 MeV/c a
better fit can be obtained; it is displayed as the dot-
dashed curve. But this 9y leads to an r.m.s. radius of
3.34 fm in clear disagreement with the electron scattering
data.

Because of the extremely low separation energy of the

two p-shell nucleons in 6

Li the correct asymptotic
behavior of the wave function of their c.m. is very
important. Therefore, the square well potential gives

a much better reproduction of the data than the harmonic

oscillator potential.

The 0-distribution for the ground state transition,
also shown in Fig. 10, is independent of 6. We know that
L, = 0 and if we assume the validity of Koltun”s rule

0 (see Chapter II. 7.) we get Lf = 0 and with that

AL
the measured 6-distribution is easily explained (see II. 6.).
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The w-distribution for the ground state transition,
shown in Fig. 12, exhibits the expected strong peaking
towards 1809, thus proving the dominance of the quasi-

free reaction mechanism.

Our 6Li w-distribution integrated over all excitation
energies, also shown in Fig. 12, is considerably narrower
than the one obtained by Nordberg et al. [5], HWHM ~ 9°
compared to n20°. It is more consistent with the distri-
bution given by Davies et al. [4] although these authors
have measured only very few points. In Fig. 13 we show
again the same w-distribution integrated over all exci-
tation energies together with a theoretical prediction
by Kopaleishvili and Machabeli [54], based on an a-d

model of 6Li and S-wave absorption of the pion.

The general tendency and width are reproduced. The
same distribution calculated with a shell model of 6Li
is much too wide; see Ref. 54. However, the theory does
not seem to be refined enough to allow final conclusions

to be drawn.

Fig. 13 also shows our measured ground state w-distri-
bution together with two theoretical predictions. One is
from Jain and Banerjee [55] who include the interaction
of the outgoing neutrons with the residual nucleus
(distortions), using distorted waves, and assume S-wave
m—absorption. They use shell model wave functions and
neglect the mutual NN interaction in the final state.
There is no satisfactory agreement with our data which
agree better with the calculation of Alberi and Taffara

[56]. These authors employed a simple o-d model of °Li
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W-distributions for the residual nucleus 4He. Top: all events;
the solid line is a theoretical curve from Ref. 54. Bottom:
events from the transition to the ground state; the solid
curve is from Ref. 56 and the dashed one from Ref. 55.
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and also assume S-absorption. They do not -include

effects of distortions.

It should be kept in mind that all these comparisons
are not presented in terms of absolute rates and that
the theoretical treatments usually neglected some impor-

tant aspects such as P-wave absorption.

The neutron energy distribution for the ground state
events, shown in Fig. 14, consists of a rather narrow
symmetric péak centered at a value corresponding to half
the energy available. Together with the narrow w-distri-
bution it forms a consistent picture of the direct quasi-

free absorption by the two p-shell nucleons of 6Li.

Due to the very narrow g-distribution of this transition
the relative momentum p between the two neutrons emitted
is restricted to a very small region around 350 MeV/c;
see Fig. 14.
The maximum value of p can easily be calculated; it

corresponds to g = 0 as is explained in Chapter II. 2.

As a summary for -the 6Li (m, 2n) 4He s transition
it can be said that all distributions ingicéte clearly
the dominance of the direct, quasi-free reaction mechanism.
Due to the small separation energy and the large distance
in excitation energy to the first excited state, this is
a unique case for experimental and theoretical investiga-
tions. Even relatively simple theoretical calculations
seem to give at least qualitative agreement with the g-
and w-distributions. This indicates that the effects of
distortions and NN final state intefactions can not be

important.
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4He'excited states

In good agreement with previous (ﬂ*, 2p) experiments
[8,9,10] we see many events with excitation energies

of 20-50 Mev. The known excited levels of 4He [49]

start at 20.1 MeV and are all particle unstable. The
possible final states and their thresholds in excitation

energy are:

t+p 19.8 Mev
34e + n 20.6 Mev
d+d 23.9 Mev
d+n+p 26.1 Mev
2n + 2p 28.3 MeV

An.intereéting question is whether and how much
absorption occurs on pairs where one nucleon comes from
the a—cluSter'(s-shell) and the other nucleon from the
d-cluster (p-shell). This might lead to the final states
t + p or 3He + n mentioned above and would result in a
negative parity final state (see also Chapter II. 5.).
The corresponding excitation energies are expected to
be lower than for the case of both absorbing nucleons

from the o-cluster, i. e. s2—removal.

The following is a simple argument against s1p1-removal.
Because of the low d-o separation enerqgy the two clusters
are most of the time rather widely separated in space.
Therefore, it seems unlikely that there is enough spatial
correlation between  one nucleon from the hd" and one from
the "a" to absofb the pion. This consideration is con-
sistent with the result of the cluster model calculation
'by Golovanova and Zelenskaya [23]. They predict a ratio

of 1:0.2:1.5 for p?:s1p1:s2 removal.
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With a sufficiently good resolution one can hope to
resolve the individual excited levels of 4He and then
draw a conclusion from the parity with respect to s1p1—
or sz—removal. However, our experiment cannot distin-
guish between thesé two cases; but we do observe a
relatively weak population of the first two excited
levels (20.1 Mev, 07, T = 0 and 21.1 Mev, 0, T =-0).
Our main strength centers around 22.5 MeV, 24-27 MeV,
30 MeV and perhaps 35-36 MeV (see Fig. 8). The only
other positive parity levels known are at 25.5 MeV
('0+ or 1+, T = 0) and 33 MeV (2+, T = 0). As not only
these two states are reached, it is very likely that
we observe some negative parity states, i. e. s1p1—
removal. One example is the apparent structure around

30 MeV.

In any case our excitation spéctrum reproduces the
general features of the cluster model prediction of
Ref. 23. Their calculation with a shell model wave
function for 6Li agrees less with our spectrum than
the cluster model does because it gives too much

strength around E . = 20 Mev.

In another calculation by Kopaleishvili and Machabeli
[34] for the process (m , 2N) on 6Li special attention
. was paid to the rescattering effect (see Chapter III.).
The calculation was carried out for absorption from the
atomic 1S-orbit and within the shell model. In their
model it turns out that sz—removal is negligible compared
with s1p1—removal and therefore their detailed excitation

enerqgy prediction shows only negative parity excited
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-states of‘4He. It is, however, inconsistent with the

known lével scheme of 4He [49].

Burman and Nordberg [8] interpreted their (ﬂ+, 2p)
results in terms of preferential .excitation of T = 1
negative parity levels. But at that time no positive

parity level in 4He between 21.and 28 MeV was known.

In principle the measured g-distributions for the
events with high excitation energies should help in
clarifying the open questions concerning s—Tp— and
s—2 probabilities. Several of such g-distributions are
shown in Figs. 10 and 15. Obviously, all of them are
much wider than the ground state g-distribution but
they all seem to have the maximum at g = 0, indicating
at least an important L = 0 component. For sz—removal
a wide distribution is expected due to 1S motion. For
s1p1—removal and li = 0, however, it should be 1P with
a minimum at g = 0, which is not observed. Of course,
in this case also 1S x 1p is allowed but this would
mean li=1 and it is not clear if the spatial correlation

between two such nucleons is strong enough.

Our geometry for this target favored L = 0 and so a
posSible explanation for the events characterized by.
high excitation energies is a major s-_2 part plus some
s"Tp™1 in the 18 x 1p configuration and some s_1p-1
with 1P x 1s where the distortion or other effects

have filled the minimum at g = O.

Fig. 16 shows the g-distribution we measured for events

with excitation energies bettveen 23.5 MeV and 28 MeV
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Ref. 18, calculated for 1S-motion in a square well potential
without cut-off and with zero range approximation (see also
text).
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together with a theoretical calculation by Sakamoto et
al. [18] for the positive parity state around 26 MeVv.
The curve was calculated for a square well potential
without cut-off and with zero range approximation for
the two absorbing particles. In this case, the transition
matrix element reduces to essentially ¢(q), the Fourier
transform of the 18 wave function of the c.m. of the two
nucleons. From several calculated curves by Sakamoto et
al. [18], with and without cut-off and zero range
approximation, the one shown here gives the best fit

to our data as far as the width of 90-100 MeV/c is
concerned. One notices satisfactory agreement up to

recoil momenta of ~110 MeV/c, but not beyond.

Also Alberi and Taffara [56] calculated a g-distribution
corresponding to high excitation energies, assuming the
process to result in 2n + 2d. However, the resulting
distribution is wider than any of our distributions up
to Ex v36 MeV.

Figs. 12 and 17 show the opening angle distribution
and some neutron energy and relative momentum distributions,
respectively, for the region of high excitation energies.
The w-distribution is still peaked at 180° but it is much
wider than the ground state distribution. This, of course,
is related to the wider g-distributions and can also be
due to more distortions for the nucleons from the inner
shell.

Also the En-distributions are much wider than for the
ground state and the p-distributions change in the same
way, which is expected on the basis of the wider g-distri-

butions.
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Aé a summary of the high excitation energy events in
the °ri (r”, 2n) 44e reaction it can be said that in the
shell model picture both s1p1‘and sZ—removal very likely
play a role. Their relative magnitudes are not yet clear
but s1p1-removal does not seem to be dominant. The
observed structure in excitation energy and the corres-
ponding distributions in several variables demonstrate
the importance of the direct, quasi-free mechanism

involving the s-shell nucleons.

In general, cluster model descriptions of 6Li give a
better qualitative agreement betweén theoretical
predictions and experimental results than shell model
descriptions. This point is not restricted to high
excitation energies and it is not surprising considering

the well known cluster properties of 6Li.
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v. 2. i1

In several respects 7Li--is rather similar to 6Li and most
of the points mentioned at the beginning of Chapter V. 1.

are also applicable to 7Li.

Based on cluster model calculations [57] as well as
on quasi-free scattering reactions of the type (p, pt)
[18] and (o, 2a) [47]1, the 7
is expected to be fairly well described by an o-t system

Li grouﬁd state configuration

with relative angular momentum L = 1. The triton spin
S, = % couples with this L = 1 to give the ’'Li ground
state spin 2.

2

The following is an interesting aspect regarding 7Li.
In the triton of the o-t system we have one np-pair with
antiparallel and one with parallel spin. Removing the pair
in the antiparailel spin state leaves a neutron in the
p-shell with spin parallel to L = 1; thus, the residual
nucleus 5He with spin % is formed. Removing the pair in
the parallel spin state leaves the neutron with spin
antiparallel to L = 1, thus giving 5He with spin %. The
two residual states are easily found in the level scheme
of 5He [49]; they are the ground state and the first
excited state, respectively. There are no other levels
known in the vicinity and so we have a good opportunity
to study the isospin dependence of the pion absorption
mechanism. The transition to the ground state consists
of T=0 and T = 1 contributions, whereas the first

excited state is reached exclusively by T = 0.

In previous measurements 7Li was used as target by Davies
et al. [4] and Nordberg et al. [5] for the (w , 2n)
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‘reaction and by Favier et al. [9] for (ﬂ+, 2p). Also
for the study of the two-nucleon transfer (p, 3He)

reaction 7Li was used [58].

Fig. 18 shows the excitation energy spectra measured
by us together with the few levels known of'SHe, all of
which being particle unstable. Obviously the ground and
first excited states are populated. According to Ref.

49 the first excited state (%7 T = %) is centered around
4 MeV with a natural width of 4 MeV, whereas the ground
(%7 T = %) has a width of 0.6 MeV. Then we observe
considerable excitation from 12 MeV extending to beyond

state

40 MeV. The genheral shape of the spectrum is rather
similar to the 6Li case but the two dominating structures
overlap more in "Li. The two previous TLi (n7, 2n) “He
measurements either showed no excitation spectrum (Ref. 5)
or was the resolution too bad (Ref. 4) to be comparable.
However, our spectrum is similar to that obtained with
(ﬂ+, 2p) [9], except that the (ﬂ+, 2p) result contains
relatively more at higher excitation energies. This is
true for the distribution integrated over all recoil

momenta as well as for the one restricted to small q.

. The fact that the ground state is populated to a fairly
great extent proves that T = 1 absdrption is of some
importance. If we assume li = Q and Koltun’s rule AL = 0,
the selection rules of Chapter II. 7. show that the T = 1
contribution to this transition must have been induced

by S-wave pions.

According to the c.f.p. calculation for quasi-elastic

deuteron knockout [16] both transitions, the one to the
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ground state as well as the one to the first excited
state of 5He, should have ad45 $ L = 2 component, the
rest being L = 0. The q—distrﬂmnions we measured for '
these transitions, shown in Fig. 19, are somewhat biased
due to the geometry (w > 1559) and therefore L =.0 will
dominate. Both distributions have their maximum at g = 0.
The analogous (ﬂ+, 2p) measurement [9] yielded a very
similar recoil momentum distribution, both in terms of
width (HWHM = 60-80 MeV/c) and in terms of a.possible
enhancement in the g-region 120-160 MeV/c. This shoulder
can be the indication of the L ='2 component. Also the
8-distributions of Fig. 19, showing some 6-dependence,
give a hint of transitions which are not exclusively

Li = 0, AL = 0. The wider g-distribution of the 5He
ground state as compared to the-4He ground state reflects
the higher deuteron binding energy: 9.7 MeV in Tui,

1.47 MeV.in 6Li.

The opening angle, neutron energy, and relative
momentum distributions for the ground plus first excited
states shown in Figs. 12 and 20 emphasize'the importance
of the direct quasi—free absorption process, although
all of them are wider than the corresponding 6Li

distributions.

Jain and Banerjee [55] calculated the g- and w-
distributions for "Li (v7, 2n) PHe and low excitation
energies. As in °Li the g-distribution predicted by
these authors is too wide to be compatible with our data,
but for 7Li the w-distribution fits rather well. This is

shown in Fig. 21.
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and first excited state of SHe. The solid line is a
calculated curve from Ref. 55 (see also text).
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With respect to the events at high excitation energy,
corresponding to the removai of at least one s-shell
nucleon,'Golovanova and Zelenskaya [23] predict a strong
peak ‘at 20 MeVv for sz—removal. Again, like in 6Li, the

contribution from s1

p1-removal should be negligiblé. The
spectrum we observed, see Fig. 18, agrees with the '
predicted position of the strong peak. A problem arises
He levels [49] at 16.8

MeV and 19.9 MeV is considered. As /Li has a negative

when the positive parity of the

parity, population of these levels would mean absorption
by sp-pairs, which contradicts the prediction of Ref. 23.
The parity of the broad level around 24-25 MeV is not
known.

Any possible 12C contamination in our data (from
counters surroﬁnding the target) would be most significant
in the region of the observed peak at 16 MeV. Therefore,
we do not want to draw any final conclusions on this point.
The observed peak is slightly shifted with respect to the
16.8 MeV level position and we conclude that a quantitative
estimate of the excitation occurring at this level cannot

be given. We note that this state is known to be a d-t
‘system in relative S-motion and that it was observed in

a (p, 3He) reactibn [58].

- Kopaleishvili and Machabeli [34] in their investigation

of the rescattering effect predict many excited states to

1

be reached by s p1-remova1 between 14 and 28 Mev, all with

positive parities. The most prominent one is located at
18 MeV and its JP = % + does not agree with the JP *= % +

of the known level at 16.8 MeV.
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The g-distributions we measured for the events
characterized by high excitation energies, Fig. 22,
generally reveal a maximum close to g = 0. Some of them
also indicate admixtures of L # 0. We do not observe
a g-distribution that would be immediately interpreted
as L = 1 and thus be consistent with s1p1—remova1. Again
there are three points to be considered in this context.
First, the geometry (w > 1559) favored L = 0. Second, the.
- combination 18 x 1p is theoretically possible for s1p -
removal. This would result in a g-distribution with a
maximum at g = 0. Third, distortion and other final
state interaction effects can modify,a'possible L =1
g-distribution. However, we do nOtlbelieve that these

things have such a drastic influence on the g-distributions.

On the basis of these arguments it is clear that only
experiments covering a wider w—range.énd with still better
resolution. can finally clarify the open questions
concerning s1p1—remOVal. Aléo a more refined theory,
particularly on g-distributions, would help.

Part of the 6-distributions of Fig. 22 for the high
excitation energy events contain structure and, hence,
allow the conclusion that the transitions are not pure
L, = 0 - Lf = 0.

In Fig. 12 We show the w-distribution for the high
excitation energy region and in Fig. 20, for completeness,
some E - and p-distributions. They demonstrate that the
characteristics of the quasi-free reaction mechanism become
less pronounced the higher the excitation energy is.

. This is expected since non-quasi-free events, like break-
up into several particles, will be located at high

excitation energies.
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v. 3. 1%

The 16

importance because a wider range in opening angles w

O data shown here are of particular interest and

and hence also in recoil momenta g has been covered. Two
independent measurements were performed, one with a 5.8 m
flight path and o > 155° and one with 4.5 m and 1259 <w <
160°. They will be referred to as measurements I and II,
respectively. In both cases a D,0 target was used. and

the monoenergetic neutrons of E = 68 MeV from the deuteron
absorption could be used as an additional check of the
energy calibration.

160 was used as a

In previous (ﬂ_, 2n) measurements
target only by Nordberg et al. [5] and no excitation
spectrum was shown. Both major (ﬂ+, 2p) experiments,

- performed by Favier et al. [9] and Arthur et al. [10],

respectively, reported results on-160.

Fig. 23 shows our results from measurement I as a density
distribution, depending on the two neutron energies. The
events from absorption by the deuteron can be easily seen
as they fall into a few channels only. Apart from the
deuteron events, one strong line is observed which
corresponds to a given excited state in the residual

nucleus 14N.

Fig. 24 shows our measured excitation spectra from
measurement I. Also indicated are the positions and relative
magnitudes of c.f.p.”according to the calculations for two
p-shell nucleon removal [15,16]. The excitation spectrum
integrated over all re oi}_momenta is dominated by a peak

around 4 MeV. There is &l8d an indication of the transition
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Fig. 23: Density distribution as a function of the two neutron energies.
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Top: integrated over all recoil momenta. Center and bottom:
events with restrictions on g. Results of c¢.f.p. calculations
from Ref. 15 (CK) and Ref. 16 (BBR) are indicated in the upper
part of the figure. For (CK) the scolid lines refer to T=0 and
dashed lines to T=1. For (BBR) the dashed line refers to A=0.
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to the ground state (0 MeV), some structure around 11 MeV,

and a possible peak at 18 MevV.

3.9 MeV level

The dominating peak at 4 MeV can be easily interpreted

as the second excited state (3.945 MevV, 1+, T = 0) of‘

14N. This attribution is confirmed by the results of two
(m , Y) measurements [59,60] and also suggested by the
two c.f.p. calculations [15,16]. Both of them predict one
of the few A = 0 transitions to be around 4 MeV.
Measurement I favored thesé transitions and so our result

agrees with the c.f.p. predictions in that point.

Also the corresponding q;distribuFion, shown in Fig.
25, has its maximum at g = 0 and thus confirms a dominant
L = 0 contribution. In Fig. 26 we present again the recoil
momentum distribution of the 3.9 MeV level together with
a result from the (7T , Y) measurement of Ref. 60 [61] _
where the recoil momentum distribufion was calculated from
the observed Doppler-broadening of the corresponding Y-ray.
The curve from the (n~, y) results of Ref. 61 is slightly
broader (HWHM ~105 MeV/c) ﬁh§n the one measured in this
(ﬂ_, 2n) experiment,the HWHM begng aﬂout 85 MeV/c. However,
considering the completely‘differenf[methbds of the two.
experiments, the qualitative agreemeﬁt is rather satisfactory.
Both distributions are considerably narrower than that
obtained by Kossler et al. [59], which was also calculated
from the observed Doppler-broadening of the Y—fay_with a
HWHM of ~140 MeV/c.
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Fig. 26:
. dashed curve has been taken from the (7T ,Y) measurement of Ref. 60 [61]. The solid
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Measured g-distribution for the transition to the second excited state of 14N. The

and dot-dashed curves are calculated for 2S-motion in a harmonic oscillator (HO) and
a square well (SW) potential, respectively. See also text.
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Fig. 26 also shows two theoretical curves. One is the
absolute value squared of the Fourier transform of a 2S
(N = 1, L = 0) wave function calculated for a harmonic

oscillator potential [10,33]:

o..(q) |° = const. (1- 2 ﬁ)zex (‘-ﬁ)
2g{d = co . 3 5 p. 5) -
g 9
dp is related to the harmonic oscillator length parameter
5 h ,0.5 :
rg = ( EEG ) by the expression qur, = k.

ry is related to the nuclear r.m.s. radius and has been
taken from electron scattering data [62]: rg = 1.76 fm.
In our case My has to be replaced by M, tu. reduced mass
of a deuteron and of the remaining 14N, u = 1,75 My s and
ry has to be changed accordingly. In this way we obtained
a value for the parameter qo_of dq = 148.4 MeV/c and using
dg the solid curve in Fig. 26 was calculated. Up to about
100 MeV/c the agreement between the calculated curve and
the experimental result is surprisingly good if one
considers that the curve is based on simple assumptions
and neglects the relative motion of the two nucleons as

well as distortion effects.

Deviations for high values of g can be due to admixtures
from surrounding A= 2 levels in the relatively wide window
2 = EXVS 7. In principle, the distortions are expected to
be -most important for nucleon pairs from the inner region
of the nucleus. This also would alter the g-distribution,
presumably to the most significant extent for high recoil

momenta.
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The second calculated curve in Fig. 26 is a 2S Fourier

transform squared for a square well potential [63]

B 2

(cos gR + g sin gR)
2,2
2-g%)2 - (8%+q%)

‘QZS(q)lz = const. .
For R, the joining point of the interior (spherical Bessel
fuction) and exterior solutions (spherical Hankel function)
we selected R = 3.5 fm (=1.4 A 1/3). B is connected with
the binding energy of the pair [64]

2u([B] + E_)
B -V I
v h2

= 1.51 fm |,

¢ being the same reduced mass as before. o fixes the enrergy
eigenvalue and is obtained by graphical or numerial solution
from [64] oR cot (aR) = -BR. _

For the 2S state we obtain o = 1.5656 fm .

It is clear from Fig. 26 that the square well solution
with these parameters gives a poorer fit to our data than
the harmonic oscillator solution. The calculated width
is narrower than the experimental one which may be due to
neglecting the contribution of the relative motion of the
two nucleons (see discussion of 6
Ref. 18).

Li g-distribution and

It should be mentioned that the g-distribution measured
by us is in good agreement with the (ﬂ+, 2p) result shown

in Arthur’s report [10].

The 6-distribution for the transition discussed here is

shown in Fig. 25 and is consistent with a AL = 0, Li = Lf

= 0 case in agreement with Koltun®s selection rule.
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The w-distribution, Fig. 27, is the result of jdining
the curves from the two measurements. It exhibits a clear
peak at 180° verifying the quasi-free reaction mechanism.
From the decrease of the distribution with decreasing
angle w we conclude that the number of events below w =
125° is rather small. Our total absolute rate for w >
1250 and 1 s’EX-s 7 is 2.5 ¢t 8:35 % per stopped pion.
This value lies between the two reported values from the
(1", y) measurements, 1.8 % [59] and 4.8 * 0.9 % [60].

Other levels at low excitation energy

Apart from the 3.9 MeV transition Cohen and Kurath [15]
predict only one other A = 0 transition to the first
excited state at 2.3 Mev (07, T = 1). From the (7, y)
measurements [59,60] it is known that this transition
is much weaker than that to the 3.9 MeV level. This is
in accord with our spectrum although we cannot separate

these levels.

The ground state transition is predicted to be A = 2
in both c¢.f.p. calculations [15,16], with almost exactly
the same strength as the 3.9 MeV level. In our excitation
energy spectrum of measurement I and without restriction
in recoil momentum (see Fig. 24, upper part) the ground
state is much weaker than the 3.9 MeV state. This
- suppression is at least partly due to geometrical favoring
of A = 0 transitions. The A = 2 assignement of the ground
state transition is consistent with our data because its
ccntribution is greater in the spectrum restricted to
higher values of g ( g > 110 MeV/c), Fig. 24, and even more
so in the spectrum from measurement II, shown in Fig. 28.

This measurement covered recoil momenta in the range 80 MeV/c
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S g S 350 MeV/c and thus emphasized much more the A = 2

transitions.

The g-distribution of the grdund state region, shown
in Fig. 25, is strongly influenced by events from the
dominating transition at 3.9 MeV, particularly for small
recoil momenta. It is, however, considérably wider
(HWHM = 140 MeV/c) than that of the 3.9 MeV level. This
indicates the A = 2'contribution. Obviously, also the

18 x 1d combination might be of some importance.

The w-distribution for the ground state events, shown

in Fig. 27, exhibits a clear 180° correlation.

The excitation spectrum of measurément IT, shown in
Fig. 28, shows that the dip between the peak at 4 MeV
and the structure around 11 MeV is filled, -indicating
possible excitation around 7 MeV. This would be in
agreemernit with a Cohen and Kurath [15] prediction of a
strong A = 2,.T = 0 transition to an excitation énergy
of 7 MeV. In this context it should be mentioned that
according to both (7 , Y) measurements [59,60] the level
at 5.1 Mev (27, T = 0),. which would be a possible
candidate, is only weakly populated.

The most obvious difference between the excitation
spectra of the two measurementé, Figs. 24 and 28, is
the much higher yield around 11 MeV found in measurement
IT. The‘respective'structure may contain more than one
peak although this is not very well established. Because
of the clear enhancement of this structure with a high

value of. g a strong A = 2 contribution can be assigned
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to these transitions. This is consistent with the c.f.p.
calculations [15,16], since both of them have the
absolutely highest factors for A = 2 in the region

9.5-11.5 MeV excitation energy.

The g-distribution for this excitation energy region,
shown in Fig. 25, has its maximum at g = 0 and a width
of about 130 MeV/c. It indicates an important L = 0 part.
If the c.f.p. predictions are correct in so far as there
are no A = 0 transitions in the vicinity, we may observe
a 1S x 1d case here (see Appendix A, p. 10 and 12 for a-
similar case in 12C). However; this 1 = 2 would be
somewhat unexpected because of the required spatial

correlation between the two nucleons.

In Figs. 29 and 30 we show, for completeness, some
neutron energy and relative momentum distributions,
respectively, for regions of low excitation energy. Data
points from both measurements, I and II, are given
separately. The neutron energy spectra show a symmetric
peak which becomes slightly broader in the case of

measurement. IT (smaller angles w).

According to Fig. 2 in Chapter II, one expects the
relative momentum distributions to be located at smaller
p for smaller w (increased gq). For an equal window in g
and increasing average q the p-distributions should also
become broader. These features are well established by

our experimental results; see Fig. 30.

Because of the larger w-region covered the A = 0

16

preference is less stringent for ~O. Therefore, it
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seems more appropriate than in case of the other target

nuclei to make a comparisén between theoretical predictions
(c.f.p. calculations [15,16]) and experimental results for
the ratio of A = 2 to A = 0 transitions. Such a comparison

is given in the following table:

c.f.p. strength predic-| (v ,2n) absolute rate per
A tion [15] stopped pion,w > 1259, E> 15 MeV
(predicted EX) (Ex—window)
2.7 ( 3.6 MeV) 2.55 % (1 SE S7)
- < <
2.7 (0.0 Mey) |0-4> % (-4 2 E = -1)
(T=1) 12.7 ( 9.5 MeV)
2 | 2.45 ¢ ( 8 £ E, < 15)
(T=0) 6.6 (10.15 MeV) '
|

Some remarks are necessary before conclusions can be
drawn on the basis of the table. First, the windows in
excitation energy are of different widths and, therefore,
there are different contributions from other levels to
the given absolute rates. Second, because of a broader
w-distribution for the third window (8 X E_ £ 15, see

X
Fig. 27) some events are not included there.

Despite these remarks, the table above shows that the
ratio of A = 2 to A = 0 transition strength is éuppressed
in the (%, 2n) results compared to the Cohen and Kurath
[15] prediction. For equal c.f.p. the A =0 transition
strength seems to be enhanced by a factor of the order

of 5 with respect to A = 2 in case of the 164 (r~, 2n)

1‘4N reaction.

*) The number of events in this E window has been doubled to -get
the absolute rate. X
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This conclusion is consistent with the more tenﬁatiVe
result indicated in Appendix A on the general weakness
of A = 2 transitions in the nuclei 9Be, 10B and 12C
where, however, the measurement was restricted to w >

1450,

In Appendix A a striking similarity is reported between

single and two-nucleon separation energies in 9Be, 10B ’

12C and 14N obtained from (p, 2p) and (7™ , 2n) measurements,
respectively. The most strongly populated two-hole states
seem to have a separation energy higher by a factor of

1.62 than that of the most strongly populated single-hole
states. Here the separation energy of the two-hole states

in defined as E = EX + MB - MA + mg- MA and MB are the

masses of the target and residual nucleus. M4 is the mass

of the free deuteron. For 16O the most strongly populated

14N at 3.9 MeV has a separation energy of 24.7 MeV.

level in
This value is well in line with some of the strongly pdpulated
levels in the other nuclei; see Fig. 11 in Appendix A.

The '°0 (p, 2p) oy reaction, on the other hand, has shown

two levels having the same strong population at approxi-
mately 12 and 18.5 MeV separation energy [65], corresponding
to p1/2- and p3/2-removal, respectively. Scaling by the

factor 1.62 yields our two-nucleon separation energy to lie
exactly in the middle between the two single-nucleon
separation energies, as if it were a p;/z p1/2 -removal. The
3.9 MeV level in 14N is known to have a strong (p3/2 p1/2)
configuration -[66] and thus the separation energies

mentioned above furnish a striking confirmation of the
multiplication factor 1.62 connecting single and two-nucleon

removal.
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High EX region:

Around 18 MeV the excitation épectra of measurement I,
Fig. 24, seem to show a peak which is, however, not
reproduced by the'result of measurement II, Fig. 28. A
confirmed peak at that position could be assigned to a
Cohen and Kurath prediction for a A = 2, T = 1 transition
[15]. Some additional structure may also exist around

30 MeV excitation energy as can be seen in the spectrum

of measurement II, Fig. 28.

The structure at high excitation energies immediately
leads to the question of the contribution of quasi-free
2-nucleon processes accompanied by the emission of at least
one s-shell nuclebn. A comparison.of the excitation spectra
of the two measurements shows that the ratio of events with
EX2> 15 MeV to events with smaller Ex increases with smaller
values of w. As w and g are correlated, .one could take this
as an evidence for the importance of quasi-free processes
at high excifation energies. For these processes the g-
distribution will become broader with increasing excitation
energy and, correspondingly, the w-distributions will be
wider. '

But also for non-quasi-free events, like emission of
several nucleons, rather wide or even isotropic w-distri-
butions are expected. As these events result in a high
excitation energy, they would also produce the effect

indicated above.

Apart from some possible structure around 30 MevV, the
data of measurement II show a rather striking excitation

enerqgy distribution if one restricts g to relatively
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small values, such as q < 210 MeV/c. This is shown in

Fig. 31. Then the excitation energy region from 20-75 MeV
appears as a very broad maximum with possible structure
consisting of wide peaks. The same data with g "~ 250 MevV/c,
also shown in Fig. 31, do not show such a broad maximum.
The spectrum decreases rather smoothly with increasing
excitation energy except for the possible peak around

30 Mev.

Comparison with other reactions and theory:

A compariSon of our total excitation spectrum from
measurement I with the (n', 2p) results [9,10] shows
qﬁalitative agreement within the experimental uncertain-
ties. This proves the similarity of the reaction mechanism.
Due to the somewhat different kinematics most of the
distributions in different variables can not be compared
directly. However, we have already mentioned the good
agreement of the g-distributions for the low-excitation
energy region (around the 3.9 MeV level) measured in our

experiment and the (ﬂ+, 2p) case [10].

Kopaleishvili et al. [21] made a theoretical prediction
of the excitation spectrum in the (", 2n) reaction,
neglecting the distortions énd taking the asymptotic
approximation for the final state NN interaction. None of
their excitation spectra displayed fits our data well.
Their prediction for S-absorption and q < 100 MeV/c can be
directly compared with our spectrum (Fig. 24, bottom).

It clearly underestimates the contribution of the 3.9 Mev

level and predicts too much strength at 12 Mev and 18 MevV.
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Top: events with low recoil momenta. Bottom: events
with high recoil momenta. '

. 80 < q <210 MeV /c LI
+ .
‘0 1 ] 1 | ] ] 1
. \- . q >250 MeV/c

| i L l L % * | ! 1 1
0 10 20 30 40 50 60 70 80

E, (MeV)

Fig. 31: Excitation energy spectra of 14N from measurement IT.




-97-

In any case, the conclusion of the authors of Ref. 21
saying that the available data give preference to S-
absorption has to be put in doubt for the following
reason. The argument was based on a comparison between
the calculated predictions for S- and P-absorption |
(both with q < 50 MeV/c) and the (m , Yy) result of
Kossler et al. [59] who, evidently, integrated over all
allowed recoil momenta. It is common belief that, apart
from the very light nuclei, absorption from the atomic

2P orbit is the most important term for nuclei with
A. £ 20. Therefore, it would be interesting to have
corresponding theoretical predictions on the excitation

energy, which are not restricted to g < 50 MeV/c.

Already an earlier paper by Kopaleishvili et al. [22]
contained predictions on the transition strength for
certain levels. The calculation was done for S-absorption
énd there was no restriction as regards q. For 16O a
comparison with our data yields that the theory gives
too little strength for the 3.9 MeV level relative to the
0 MeV and 12 MeV regions.

Weber [67] carried out a three-body partial wave- analysis
in treating the final state of the (m , 2n) reaction. He
considered only S-absorption so that a detailed comparison
does not seem meaningful. In their final paper Morris and

Weber [28] treat 2P-absorption but do not include 16O.

Other reactions that lead to the same residual nucleus
and can therefore be compared with the (w , 2n) result are
the quasi-elastic deuteron knockout (p, pd) and the two

nucleon pickup reactions (d4,.0) and (p, 3He).
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In a recent measurement performed at E_ = 75 MeV the
16

0 (p, pd) 14N reaction [68] was investigated. The
resulting excitation spectrum is similar to ours obtained
in measurement I. Thé dominating peak found by these
authors corresponds to the second excited level at 3.9
MeV. A somewhat smaller contribution was due to the
transition to the ground state and to the first excited
state. There was also some evidence for peaks occuring
around 7 MeV and 11.5 MeV. The measurement was performed
-for small reboil momenta in the vicinity of g = 0. Our

results are in accord with this (p, pd) measurement.

When comparing with two nucleon pickup reactions such
as (d, a) or (p, 3He) it should be kept in mind that the
presence of only one fast particle in their final state
implies much less freedom in the range of g which can be
studied. '
3He)14N
reaction at 54 MeV and found the strongest excitation at
3.95 MeV followed by 7.03 Mev, 0 MeV and 2.3 MeV. A

Fleming et al. [66] have measured the 16O(p,

comparison between their measured angular distribution and
a DWBA calculation confifmed the dominance of L = 2 for

the ground state and 7 MeV transitions. This is consistent
with our observation that their relative strength increases
with larger q..The (p,BHe) result mentioned also reveals.
considerable excitation in the region 9-11 MeV, which

is similar to our result.

In another more recent (p,3He) measurement performed
by Hoot et al. [69] at Ep = 40 MeV only transitions
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leading to the ground, first and second excited states
were investigated. For the 3.95 MeV level these data seem
to indicate the presence of a much stronger L = 2
céﬁponent than is given by the c.f.p. calculation. We

have no supporting indication.

The 16O(d,oc)14N result found by van der Woude and de
Meijer [70] at Eq = 40 MeV shows high yields at excitation
energies of 0, 3.95, 7.06 and 11.04 MevV. The corresponding
transitions are predominantly L = 2, 0,2 and 2, respectively.
This result is in good agreement with the Cohen and Kurath
predictions [15] as well as with the interpretation of

our. data.

V. 4. 9Be, 10B, 12C

Results on these three target nuclei are given in Appendix
A. They have been cited several times here and no additional

comments will be made.

V. 5. N

Some results on 14N as the target were published in Ref. 71.

In connection with the comparison of single nucleon- and
two-nucleon separation energies 14N is mentioned in Appendix

A too. Some additional remarks are presented below.

The first concerns the absolute rates which are not
given in Ref. 71. For the transition to the first excited

state in 12C at 4.44 MevV (0 = EX < 7) we obtain a rate of

+ .
7_3 % per stopped pion. This is in agreement with a result
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published recently of a (w ,y) measurement [72] quoting
a rough estimate of 10 * 5 %. On account of our restriction

w> 145° we missed a small number of events.

The same (T ,Y) measurement [72] has 'yielded the recoil
momentum distribution for the transition to the first
excited state of 1'2C at 4.44 Mev. It was calculated from
the observed Doppler-broadening of the corresponding
decay yY-ray. The HWHM of their curve of about 165 MeV/c is
significantly larger than ours, see Ref. 71. A simiiar case
160(ﬂ_,2n)14N3.9

see V. 3. No explanation can be recognized for the time

of discrepancy occurs for the transition,

being.

‘ In Fig. 32 we show again the measured g-distribution
for the 14N(ﬂ_,2n)12C4 44 transitioﬁ. It is compared with
some theoretical curveé based on a simple model. The
expressions for the 2S Fourier transforms squared for the
harmonic oscillator (HO) and the square well (SW)1€oten—
o(m ,

transition. Here we also include the 1S function

tials were given in V. 3. in connection with the
, 14

2n) N:,,.9 7
in case of the HO potential. We used the following para-

meters for the 14

N(ﬂ-,2n)12C4 44 transition. For the.
square well function we use: '

R = 3.5 fm, o = 1.5339 £m ', B = 1.1813 fm |, u = 1607.7 Mev/c>.

For the harmonic oscillator functions we have taken ry from
electron scattering data [62], ro = 1.67 fm, resulting in
dy = 154.7 MeV/c for the Fourier transform. The reduced

mass J has been taken into account.
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Fig. 32: Recoil momentum distribution for the transition to the first
~ excited state of 12c. The solid curves correspond to the 18
or 2S motion of the c.m. of the two nucleons. They have been
calculated for a square well potential (SW) as well as for a
harmonic oscillator (HO). See also text.

Both 2S functions are much too narrow to reproduce our data.
The measured distribution is clearly wider than that of the

3.9 MeV level in 14N, despite a separation energy smaller

by 10 MeV.

The harmonic oscillator 1S momentum distribution, also shown
in Fig. 32, is simply proportional to exp (—qz/qg) with the

same g, as above (related to electron scattering data). It
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fits the data surprisingly well. Assuming that this
agfeement is not fortuitous, it would mean a relative
2s motion of the pair; see II. 5. This, however, is’
somewhat unexpected because high relative momenta p are
favored in this process and this 2s implies a smaller
average p between the two nucleons than the 28 x 1s
case. Also the latter seems to be tge favorite case;
1

see the transitions to 4Heg 5 or N3 9 and the con-

clusions reached in Appendix A.
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VI. SUMMARY AND CONCLUSIONS

Results have been reported on the first systematic,
kinematically complete (T ,2n) measurement covering the
most important nuclei of the 1p-shell with statistics
and energy resolution comparable to or better than
available (ﬂ+,2p) results.

The importance of the direct quasi-free reaction
mechanism has been established most clearly and convin-
cingly for the events leading to low excitation energies
in the residual nucleus. This has been demonstrated by
many distributions in several different variables, like
neutron energy, recoil momentum or angle spanned by'the
two neutron momenta. Distributions in relative momentum
of the two neutrons emitted and in the angle spanned by
this momentum and the momentum of the c.m. of the two

neutrons have been presented for the first time.

The structure observed at low excitation enefgies
could be attributed to known levels or groups of levels. In
general, the predictidns for two nucleon removal according
to existing c.f.p. calculations agree rather well with
the data as far as the predicted excitation energies are

concerned.

* When comparing the experimental rates for specific
transitions with the magnitudes of the c.f.p. one should
keep in mind that the c.f.p. contain pure nuclear structure
information, independent of the reaction mechanism. In
addition, for different total orbital angular momenta A

of the two nucleons favoring of certain recoil momenta -due




-104-

to gebmetry has to be taken into account. Most of the data,

16O where the usual geometrical

but especially those from
reétriction imposed on large recoil momenta has been
bypassed by an additional measurement, indicate a con-°
siderably smallerr%—z—% ratio of the rates than predicted
by the c.f.p. calculation by Cohen and Kurath.

The measurement made with 16

O as the target nucleus and
with opening angles 125° £ w < 160° showed an excitation
spectrum quite different from the “normal’ case of back-
to-back emission. It contains valuable information on

A # 0 transitions. More such measurements are encouraged
which should cover smaller angles and use different target
nuclei. Unfortunately, these measurements have the experi-

mental drawback of much smaller yields.

We tried to shed some light on the questions of popula-

1p1— and sz—rembval)

614 and 'Li

tion of deep lying two-hole states (s
reached in a direct quasi-free reaction. For
as target nuclei such highly excited states are clearly
observed in the residual nuclei. They correspond to
removal of at least one s-shell nucleon. If the range of,
certain kinematical variables is restricted, there seem

to be broad structures at high excitation energies also
fof the heavier nuclei. Still the question of contribution
from non-quasi-free processes leading to these high exci-
tation energies has to remain open, at least in quantita-
tive terms. Assuming an isotropic distribution in angle

w for these non quasi-free events, the measured absolute
rates in our w-range are too big to be in line with these

processes constituting the dominant contribution.
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In the relatively few cases where theoretical predictions
directly related to pion absorption can be compared with
our results any agreement found seems to be more accidental

than due to a refined treatment of all important aspects.

In some cases we compared measured recoil momentum
distributions with simplified theoretical predictions. We
made use of the momentum space wave functions for the
absorbing quasi-deuteron moving in either a harmonic
oscillator or a square well potential. The necessary
parameters were fixed according to electron scattering
data and binding energies. Considering the neglect of
several effects that can change the g-distributions, like
rescattering or'distortion, the agreement with the data

is surprisingly good although it is far from being perfect.

In accordance with the picture of a quasi-free absdrp—
tion mechanism we observe a systematic change of the
average recoil momentum with the separation energy of the
pair. This is summarized in Fig. 33 for the most promi—'
nent A = 0 transitions leading to low excited states. Some
of them can be contaminated by small A = 2 contributions

but the general trend is established. The case of 14N

12C at 4.44 Mev

seems to be exceptional. It may indicate a 1S motion of

leading to the first excited state of

the c.m. of the pair whereas 2S is usually observed for

low EX A = 0 transitions.

Except for 14N, comparison ‘'of our excitation spectra
with the corresponding (ﬂ+,2p) results yields good agree-
ment within experimental uncertainties. This indicates a

very similar reaction mechanism. The two reactions are
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. Fig. 33: Width‘pf the g-distributions of the most prominent A=0

transitions as a function of the pair separation energy.

connected via charge symmetry. However, the result above

is far from being trivial for the following reasons. First,
the initial quantum state of the pion is, in principle,
different because the 7@ are in flight whereas the 71 are
stopped and absorbed from the atomic orbit. This should
have an influence on the transitions observed. Second, the
mean free pafh of the pion decreases quite rapidly with
increasing pion energy (at least for E1T s 100 MéV).
Therefore, ﬂ+—absorption should be more a surface pheno-

menon than 7 -absorption. Different parté of the 2-nucleon
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wave function should be selected and this in turn would
affect the g-distributions measured. Also the excitation
spectrum might be influenced. Evidently, differences can
be expected already for the 7 data, depending on whether

the pion is absorbed from the S- or P-orbit.

More detailed measurements could perhaps reveal differences

between (ﬂ+,2p) and (1 ,2n).

Apart from the special'cases of the cluster-type nuclei
?Li and Tni we found that most of the strongly populated
p-shell two-hole states induced by pion absorption have
the same separation energies varying within a .few MeV
only. In addition, for the heavier nuclei of the 1p-shell
starting with 9Be, a remarkable correlation was fdund
between these two-hole separation energies and the sepa-
ration energiés of the strongly populated single-hole |
states reached by (p,2p) reactions. From this.we éonclude
that the two nucleons selected by the pion are in-a closely
correlated staté in the sense of a definite overlap of ‘
their wave functions. It does not necessarily imply short

range correlations in the usual sense.



-108-

REFERENCES

[1]
[21
[31]
[4]
[5]
[61]
[7]
[81

[91]
[10]

[11]
[121]
[13]
[14]

[15]
[16]
[17]
(181
[19]
[20]

[21]

[22]
[23]

| [24]

K.A. BRUECKNER ET AL., Phys. Rev. 84 (1951) 258.
M.G. HUBER, Annales de Physique 5 (1970) 239.

S. OZAKI ET AL., -Phys. Rev. Letters 4 (1960) 533.
H. DAVIES ET AL., Nucl. Phys. 78 (1966) 663.

M.E.. NORDBERG ET AL., Phys. Rev. 165 (1968) 1096.
F. CALLIGARIS ET AL., Nucl. Phys. A 126 (1969) 209.

D.L. CHESHIRE AND S.E. SOBOTTKA, Nucl. Phys. A 146
(1970) 129. o

R.L. BURMAN AND. M.E. NORDBERG, Jr., Phys. Rev. Letters
21 (1968) 229. '

J. FAVIER ET AL., Nucl. Phys. A 169 (1971) 540.

E.D. ARTHUR ET AL., Phys. Rev. C 11 (1975) 332.

E.D. ARTHUR, Los Alamos Report No. LA-5230-T, -1973.

T. ERICSON, Phys. Letters 2 (1962) 278.

D.S. KOLTUN, Advances in Nucl. Phys. Vol. 3 (1969) 71.
J. HUFNER, Phys. Reports 21 (1975) 1.

T.A. BRODY AND M. MOSHINSKY, Tables of Transformation

- Brackets, Universidad de Mexico (1961) and References

therein. . .

S. COHEN AND D. KURATH, Nucl. Phys. A 141 (1970) 145.
V.V. BALASHOV ET AL., Nucl. Phys. 59 (1964) 417.

Y. SAKAMOTO, Nucl. Phys. 87 (1966) 414.

Y. SAKAMOTO ET AL., Phys. Rev. C 11 (1975) 668.

D.S. KOLTUN, Phys. Rev. 162 (1967) 963.

T.I. KOPALEISHVILI, Sov. J. of Nuclei and Particles
2 (1973) 87.

T.I. KOPALEISHVILI ET AL., Sov. J. of Nucl. Phys. 15
(1972) 629.

T.I. KOPALEISHVILI ET AL., Phys. Letters 22 (1966) 181.

N.F. GOLOVANOVA AND N.S. ZELENSKAJA, Sov. J. of Nucl.
Phys. 8 (1969) 158. :

K.N. CHUNG ET AL., Z. f. Physik 240 (1970) 195.
K.N. CHUNG ET AL., Phys. Letters 29. B (1969) 265.



[25]
[26]

[27]
[28]

[291
[30]

[31]
(321
[33]
[34]

[35]
[36]

[37]
[38]
[39]
[40]
[41]
[421]
[43]

[44]

[45]

-109-

R.I. JIBUTI AND T.I. KOPALEISHVILI, Nucl. Phys. 55
(1964) 337.

IL TONG-CHEON, Phys. Rev. 166 (1968) 1051; Phys. Rev.
158 (1967) 900; Phys. Letters 26 B (1968) 549.

H. GARCILAZO AND J.M. EISENBERG, Nucl. Phys. A 220
(1974) 13; References to older articles by J.M. Eisen-
berg et al. can be found therein.

J.W. MORRIS, JR. AND H.J. WEBER, Annals of Physics 79

(1973) 34; References to older articles by the authors

can be found therein.
F. HACHENBERG ET AL., Phys. Letters 66 B (1977) 425.

J.M. EISENBERG ET AL., Phys. Rev. C 11 (1975) 1048
and references therein.

M. DILLIG, Lettere al Nuovo Cimento 10 (1974) 4.

S.G. ECKSTEIN, Phys. Rev. 129 (1963) 413.

D.S. KOLTUN AND- A. REITAN, Phys. Rev. 141 (1966) 1413.
D.D. KOLTUN AND A. REITAN, Phys. Rev. 155 (1967) 1139.

T.I. KOPALEISHVILI AND I.Z. MACHABELI, Nucl. Phys. A
160 (1971) 204.

T.I. KOPALEISHVILI, Nucl. Phys. B 1 (1967) 335.

W. ELSAESSER AND J.M. EISENBERG, Nucl. Phys. A 144
(1970) 441.

R.S. KAUSHAL AND Y.R. WAGHMARE, Nucl. Phys. A 144
(1970) 449. :

B. KOBER, Diplomarbeit, University of Karlsruhe (1972).

F. TAKEUTCHI ET AL., Large—-area position-sesitive time-
of-flight counters for neutrons and charged particles,
CERN preprint, 1 July 1975.

R.J. KURZ, UCRL-11339 (1964).

P. KITCHING ET AL., Phys. Rev. C 11 (1975) 420 and
refererices therein.

P.G. ROOS ET AL., Nucl. Phys. A 257 (1976) 317 and
references therein.

D. MILJANIC ET AL., Nucl. Phys. A 215 (1973) 221 and
references therein.

A.K. JAIN ET AL..,, Nucl. Phys. A 216 (1973) 519 and
references thereln

R. HAGELBERG ET AL., Nucl. Phys. A 207 (1973) 366.



[46]
[47]

[48]

[49]

[50]
[51]
[52]
[53]
[54]

[55]

[56]

[57]
[58]
[59]
[60]
[61]
[62]

[63]
[64]

[65]

[66]
[67]
[68]

-110-

W. DOLLHOPF ET AL., Phys. Letters 58 B (1975) 425.

E. VELTEN, Ph. D. thesis, University of KarlSruhe (1970)
and references therein.

D. VINCIGUERRA ET AL., Lettere al Nuovo Cimento 14
(1975) 333 and references therein.

Energy levels of.4He, Nucl. Phys. A 206 (1973) 1;
>ve, '1i, 8Be, 'B, Nucl. Phys. A 227 (1974);

120, Nucl. Phys. A 248 (1975) 1;

"N, Nucl. Phys. A 152 (1970) 42. |

J.W. WATSON ET AL., Nucl. Phys. A 172 (1971) 513.
C. RUHLA ET AL., Phys. Letters 6 (1963) 282.

M. JAIN ET AL., Nucl. Phys. A 153 (1970) 49.

P.G. ROOS ET AL., Phys. Rev. Letters 22 (1969) 242.

T.I. KOPALEISHVILI AND I.Z. MACHABELI, Sov. J. of
Nucl. Phys. 4 (1967) 27.

B.K. JAIN AND B. BANERJEE, Il Nuovo Cimento 69 A (1970)
419, ' : ‘

G. ALBERI AND L. TAFFARA, Il Nuovo Cimento 58 B (1968)
441,

Y.C. TANG ET AL., Phys. Rev. 123 (1961) 548.

J. CERNY ET AL., Phys. Rev. 152 (1966) 950.

W.J. KOSSLER ET AL., Phys. Rev. C 4 (1971) 1551.

H.D. ENGELHARDT ET AL., Nucl. Phys. A 258 (1976) 480.
C.W. LEWIS AND H. ULLRICH, private communication.

L

.R.B. ELTON, Nuclear Sizes, Oxford university press,
1961.

Y. SAKAMOTO AND F. TAKEUTCHI, private communication.

L.I. SCHIFF, Quantum Mechanics, Third ed., Mc Graw-Hill,
p. 83-88.

TH.A.J. MARIS in Proc. of the fifth Int. Conf. on High-
Energy Physics and Nuclear Structure, Uppsala 1973,
G. TIBELL ed., p. 356.

D.G. FLEMING ET AL., Nucl. Phys. A 162 (1971) 225,
H.J. WEBER, Annals of Physics 57 (1970) 322.
J.Y. GROSSIORD ET AL., Phys. Rev. C 15 (1977) 843.



-111-

.G. HOOT ET AL., Nucl. Phys. A 203 (1973) 339.

[69]1 C
[70] A. VAN DER WOUDE AND R.J. DE MEIJER, Nucl. Phys.
A 258 (1976) 199.
[71] B. BASSALLECK ET AL., Phys. Letters 65 B (1976) 128.
[72] C.E. STRONACH ET AL., Phys. Rev. C 15 (1977) 984.



— 12—

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

A P P E N D I X A

TWO-NEUTRON EMISSION INDUCED BY STOPPED m ON °Be, !°B, AND !2C *)

: s
B. Bassalleck, W.-D. Klotz, F. Takeutchl,”), and H. Ullrich

Kernforschungszentrum und Universitat Karlsruhe
Institut fir Experimentelle Kernphysik, Fed., Rep. Germany
and CERN, Geneva, Switzerland

and

)

Lk
M, Furig***

CERN, Geneva, Switzerland

ABSTRACT

The (7 ,2n) process has been studied in a kinematically complete experiment
on three neighbouring lp-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 difference 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,

Nucleon reaction (ﬂ_,Zn) on °Be, !°B, and !'%C, E = 0
measured rate (En;,En,,w); excitation spectra for
residual nuclei deduced, recoil momentum distributions

extracted.

Geneva - 28 March 1977

(Submitted to Physical Review)

%) Work supported in part by the Bundesministerium fiir Forschung and Technologie
: of the Federal Republic of Germany.

*%). Present address: Department of Physics, Kyoto Sangyo University, Kamigamo-
Motoyama, Kyoto, Japan. .

*%%) On leave of absence from Institute R. Bo¥kovié, Zagreb, Yugoslavia.



— 113 —

INTRODUCTION

In light nuclei the pion absorption with the subsequent back-to-back emission
of a nucleon pair proceeds very strongly via the quasi-free mechanism.  The coinci-
dent detection and energy measurement of both nucleons permit a complete deter- '
mination of the kinematical properties for the absbrbing.pair. This offers an
excelleﬁt opportunity to study separation ene;gies,_momentum distributions, and

: . 1 .
angular momenta of the two nucleons involved ’. Such experiménts are also ex-—-

pected to yield information about the TNN interaction itself, and its dependence

‘on the different quantum states of the NN-combinations inside nuclei.

The theoretical treatment of the pion absorption in nuclei presents a major

problem. The following aspects have to be taken into account simultaneously:

a) short-range correlations between the nucleons in the initial state; b) ﬁhe
interaction between three and more particles in the final state; c) a proper
description of the pion absorption dynamics; and, d) realistic wave functions
for the absorbing nucleus. So far only two published calculations include (a),
(b), a§d (c). They differ in the approach to the final state. While Morris and.

2 - v oee s . : .
Weber ° use the coupled channel method with realistic interactions, Garcilazo

)

and Eisenberg3 solve the Faddeev equation with separable potentials. -Hoquer,
experimentally observable features such as excitation spectra!of residual nuclei
and momentum distributions are strongly influenced by (d). Consequently our data
will be compared with calculations using more realistic nuclear wave functions.

)

We use results of Kopaleishvili et al."’ who consider only the nucleon-nucleon
interaction in the final stéte, but include (c¢) and (d). 1In addition, ée use
the tabulated coefficients of fractional parentage (c.f.p.) for the two-ﬁucleon
removal of Cohen and kuraths) (CK) and of Balashov et al.s)‘(BBR).

On the expérimental side, the results with best energy resolution until re-
cently could be obtained with (ﬂ+,2p) measurements7’a). Iﬁ most cases, however,
the insufficient energy resolution or inadequate statistics hampered the identi-
fication of the discrete final states. The resolution of thé'existing (ﬂ_,ﬁn)

9,10)

measurements was at least a factor of 3 lower than that of the (ﬂ+,2§) ex-
periments. Owing to charge symmetry (T ,2n) and (ﬁ+,2p) reactions should lead

to identical states in the same residual nucleus if the quasi-free mechanism is

the dominant one and if the kinematical conditions are identical for both experi-
ments. The latter condition is not fulfilled a priori, since (ﬂ+,2p) studies are
performed with pions in flight, while in (T ,2n) experiments pion absorptioﬁ‘occurs
"at rest'. This causes a difference not only in pion energy but possibly also.

in the pion angﬁlar momentum relative to the nucleon pair. A comparison between

+ - . .
(m ,2p) and (m ,2n) measurements with equivalent. accuracy can therefore test the

basic assumptions on the mechanism, and also investigate the influence of the
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initial pion state on the experimental results, especially on the excitation spec-
tra. A difference between the two reactions had been already reported for the

11) .

target 1y

In the (ﬂﬁ,Zn) reactions on 1lp-shell nuclei, strong peaks observed in the
excitation spectra for the residual nuclei are so far mainly éttributed to nucleon
removal from the p-shell. Only for the lithium targets has a largeé contribution
from the s-shell nucleons also been identified7’1°’12). Evidence for the two-hole
states in the p-shell and, separately, in the s-shell was reported in the reaction
12c(n”,2n)'%B 9). However, the peak due to the holes in the s-shell was not ob-

7)

served in an experiment 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 (ﬂ_,Zn)_reaction with

3)

energy resolution1 comparable to or better than that of the existing (ﬂ+,2p)
data. At the same time, these counters offer rather large solid angles. The
targets °Be, '°B, and '?C were used to search systematically for the evidence of
the inner shell absorption in the nucleivélose to the lithium isotopes. Where
possible, we have made comparisons with‘existing (ﬂ+,2p) data and with theoretical

predictions,

CONCEPTS RELEVANT FOR DATA INTERPRETATION

Figure 1 shows the kinematical variables which are used. . In the case of
the absorption of stopped 7 fbllowed by a three-body disintegration, there are
three independent variables. For a given excitation energy of the residual
nucleus Ex’ P, and q are relatedoby the energy conservation. So the combinations
like q‘and w, or q and 6, together with Ex’ form a complete set of variables to
describe the kinematics. The importance of the 6 distributions has been pointed

4)

1
out by Koltun .

In the quasi-free descripfion of the (W ,2n) reaction, we assume that the
pion is absorbed by a neutron-proton pair in the target. 1In the initial state,
the angular momentum of the centre of mass of the pair and of each nucleon with
respect to the centre of mass of the target, are L, £;, and %,, respectively.

The total angular momentum A is written as A = R;+%; = L+%, where % denotes the

‘relative angular momentum of the nucleons.

In the following we assume that the pion is mainly absorbed by a pair in
relative s-state, i.e. £ = 0, and we have L. = A. TFor p? removal, i.e. for the
removal of two nucleons., from the p-shell, we have 21‘= 22 = 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 shouid be noted that the n-p pair can be in a spin triplet, iso-

spin singlet, or a spin singlet, isospin triplet state. For L = 0 the energy
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conservation in the shell model allows the admixture of the following two com-

binations:

A) 28 (=1, L =0) x 1s (n 0)

0, 2

b) 1S (=0, L =0).%x 2s (n =1, £ =0),

where N’ and n are the principal quantum numbers associated with the c.m. motion
and the relative motion of the two nucleons, respectively. In contrast to the
(m,2N) reactions, (b) is suppreséed in the case of two-nucleor transfer or quasi-
free deuteron knockout reactions, because the removed nucleon pair is not in the
lowest energy state. For A = 2, under the assumption of & = 0, there is oﬁiy one

combination possible:

) 1D (W=0,L=2)x1s (=0, 2 =0) ",

For the removal of an s-p pair, we have L = 1, and the possible combination
is
@) 1P (\’=0, L=1) x1s (n =0, £ = 0) .

The parity of the residual state is different from that of the target fucleus.

2

For the removal of an s pair, we have L = 0, and the only possible combination

is:
£)1Ss (W=0, L =0) x1s (n =0, & =0) .

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

The gq-distribution for a given residual state is dominated by L and N, and
is essentially the absolute value squared of the c.m. wave function of the two
nucleons in the momentum space. In Fig. 2 we show two measured q-distributions
. for different n—p pairs with similar sebaration energies. They are compared with
simplified calculations for different N 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 separa-
‘tion energy of the pair in the target. Large separation energies correspond to

wider distributions.

For the interpretation of the experimentally obtained q-distributions, the

following should be considered:

*) For the geometrical reason stated later, this component is suppressed. In
this case, the admixture of the component (d), 1S (N'=0, L =0) x 1d (n = O,
& = 2), may become important.
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i) So as to detect mainly the quasi~free events, our counters are placed at-
w " 180°, and hence small q is favoured. Levels corresponding to L # 0
(especially to L = 2) transitions are therefore suppressed in the excitation
spectra. 1In the case of A = 2 transitions, component (d) involving 1S may
become more important. However, as 1S also shows a wide gq-distribution, we

expect a wide distribution for A = 2 for any admixture of (c) and (d).

ii) The shape of the gq-distributions can be modified owing to various effects.
The distribution for L # 0 is expected to be zero at q = 0, but the distor-
tion effects caused by initial- and final state interactions tend to fill this
dip. Also, if the pions are preferentially absorbed at the nuclear surface,
or if the emitted nucleons originating from the inner regions undergo stronger
distortions, 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 # 0, and the width becomes smaller

15)
for L =0 .

If the process is dominated by short-range correlations, the large-p compoﬁents
of the initial state play the important role. As by energy conservation,
large p is related to small q, this effect will enhance the small-q components

and hence will have the same result as the preceding effect.

EXPERIMENTAL SET-UP AND DATA HANDLING

Negative pions of 70 MeV from the CERN Synchro-cyclotron (SC) low—énergy pion
channel were stopped in targets of 3-5 g/cm2 thickness. The experimental set-up

is shown in Fig. 3. All counters were plastic scintillators.

~ The pion stop trigger was obtained from counters I and II before the degrader,
counter III and the hodoscope, between the degrader and the targét, in coincidence,
and counter V in anticoincidence. Counter II, with the dimensions 12 .cm X 10 cm X
x 1 cm, had a pair of twisted-strip light—guides, two RCA 8850 photomultipliers,
and was used as the sfart counter for the two neutron time-of-flight counters.
The time resolution of this counter for 2 MeV pulses was 300 psec. The pulse
height of countér 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 1110 phototubes, served to fix the stopping point in the target in the
horizontal direction, perpendicular to the beam. Counter IV was a plastic sgin?
tillator 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 centres of the counters was 160°, thus covering an w-range
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from 140° to 180°. The sensitive volume of one neutron counter is 2 m wide X 48 cm
high x 9 cm thick, covering a solid angle of 47 msr at a distance 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 impact point in depth, it is also subdivided
into six layers of 1.5 cm thickness each. In total, each counter consists of
48 rods, made of NE 110 plastic scintillator and assembled as indicated in Fig. 3.
The development and testing of a prototype counter has been described previouslyls).
Two adjacent bundles are viewed by a 56 DVP photomultiplier at each end. The
position information along the counter is taken from the time difference between

the two photomultipliers. A total of 30 small phototubes (Philips 1110) on each

counter show the pattern of the rods that have given a signal 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 photo-
tubes as well as hodoscope information and counter III pulse-height, were written
on tape, event by event, via a CAMAC system apd a PDP 8L on-line computer. VThe
pulse-height information from the neutron counters was later used to set a thresh-
old, in the off-line program, and also to remove.tﬁe residual walk of the ORTEC 473

constant-fraction discriminators used.

A typical time resolution of a neutron counter is 800 psec for 20 MeV elec-
tron equivalent pulses, including start counter resolution. This resulted in an
excitation energy resolution AEx of 3-6 MeV FWHM, depending on pulse-height thresh-

old, flight path, and on Ex. This resolution is at least a factor of 3 better

than in previous (7 ,2n) measurements.

All data were written on magnetic tape and analysed 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 taking into account the light attenuation in the rodsls). The efficiency cor-
rection was made with the Kurz code17), which had been tested on the prototype
counter in an independent efficiency measurement. 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 non-uniformity in the effective light-propagation velocity.
If the first layer had triggered, and if the measured pulse height énd kinetic
energy were in a certain relation, then the event was assigned to a charged par-
ticle and was rejected. The data have also been corrected for geometrical accep-
tance in our w-range between 145° and 180°. The corresponding correction function

has been determined for our geometry with high statistical accﬁracy using a

Monte Carlo simulation program.
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Within the experimental limitations ‘Ekin > 15 MeV, w > 145°) our data are
therefore free of geometrical 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 6-distributions, q has been restric-
ted to values where there is no reduction in phése space caused by our restricted

w-range. In all figures, the errors given are statistical.

In principle, all our data are available as a function of three 1ndependent
parameters, as descrlbed in Section 2. For practical reasons, however, only one-

and two-dimensional distributions are given in this paper.

RESULTS AND DISCUSSION -- LOW E_ REGION
- LS

4.1 Beryllium-9

So far, the only attempt to sfudy the 9Be(TT_,Zn)7Li reactions has been made
. . 10 . . ' . !
by Calligaris et al. ). Thelr statistics were poor, however, being based on a
total of 145 events, and it was therefore interesting to repeat the measurement

with better statistics and good resolutlon.

Our observed excitation spectrum of the residual ’Li nucieus is shown in
Fig. 4. The spectrum shows a maximum at about 10 MéV and then decreases slowly
with iﬁcreaéing excitation energy. The ground state (% ) and the 0.48 MeV.first
excited state (% ) are weakly populated. In the a-o-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 there—
fore probably explalned by the rather large distance between the proton and the
neutron which absorb the pion. The recoil momentum distribution correspondlng
to these levels is shown in Fig. 5. It indicates a predominant contribution of
L = 0; the half-width is, however, relatively large (v 120 MeV/c) for this pair
separation energy (see Section 2), It is larger than the corresponding width for
highef levels, described later, which have higher separation energy. This facf
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 7Li.

In .the excitation spectrum in Fig. 4 two large peaks in the region between
7 MeV and 11 MeV are visible., As the number of known levels in this region is
small, they can be attributed to the levels at.7.47 MeV (% , T = %) and

10.25 MeV (%6_, T = ¥%). 'Balashov et al.s) predict by far the largest spectro-

scopic factor for the A =.0 transition to the members of a 2T+1’ZS+1L = 2’4P trip-
B), the level at 7.47 MeV (aé_) seems

to be the lowest member of this triplet. These facts lead to the conclusion that this

let at about 8-11 MeV. According to Barker1

transition corresponds to the removal of a spin triplet (T = 0) n-p pair from the
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target nucleus. The AT = O transition is confirmed by the fact that this level
is populated in the %Be(p,’He)’Li reaction (AT = 0,1) at E_ = 43,7 MeV, whereas
the mirror level at 7.21 MeV in ’Be is not seen in the °Be(p,t)’Be reaction

19)

(AT = 1) under the same conditions .

The energy of the % member of the 23"p triplet is calculated to be between
 8 MeV and 11 MeV 20). According to Ajzenberg-Selove and LauritsénZI) 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 7.5 MeV level agrees with the prediction of
Balashov et al.e). Furthermore, the recoil momentum distributions corresponding
to these peaks; shown in Fig. 5 , are rather similar. They both indicate

a strong L = 0 component, and the half-width is about 90 MeV/c, which is smaller
than the width of the q-distribution for the ground and first excited.levgls

already mentioned. Therefore this is in agreement with the A = 0 prediction.

Besides the 4 member of the 2’“P triplet, Balashov et al. predict a large
spectroscopic factor also for [21]22P levels at Ex about 16-18 MeV (the numbers
in the bracket correspond to the Young scheme). However, except for the 16.8 MeV
level, no level is experimentally well established (see Ref. 21), and at the same
time no other distinct peak is seen in our excitation spectrum. Therefore, a

further comparison of the result with the c.f.p. calculation is difficult.

In conclusion, the largest rates come from the transition to 2s4p levels,
and the transitions to the ground and first excited states are weak. The analog
(ﬂ+,2p) reaction on the same target has been investigated by Favier et al.7
Their excitation energy spectfum seems to be similar to ours within their experi-

mental resolution.
4.2 Boron-10

Data on the pion-induced two-nucleon emission with 108 as 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 break-up contribution
in the excitation spectrum is possible even in the ground-state region. 1In the
spectrum without q-windows, two main peaks can be observed at approximately 3 MeV
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 n 150 MeV/c wide. We
conclude that it is dominated by a A # O component. The observed large width of
the 3 MeV peak in the excitation energy spectrum can be at least partially ex-
plained by the known width of this level in ®Be. The momentum distribution shown
in Fig. 7 for the peak around 19 MeV is narrow and it has its maximum in the vicin-
ity of zero momentum, indicating mainly L = 0. 1In Fig. 6 the excitation spectrum

restricted to largé gq-values is also given, It indicates that the broad peak around
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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 suggests A # O 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 A # 0.

The levels with large c.f.p. are also indicated in Fig. 6. When comparing the
experimental results with the c.f.p. calculations, several remarks are important.
The correspondence between the theoretical and known experimental levels is not
completely established, especially in the region of higher excitations. 1In
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
AT = 1 transitions can appear only at higher excitations since all the known

T = 1 levels in %Be are above 16 MeV.

At Ex ~ 3 MeV both theoriess’e) predict A = 2 contributions in agreement
with our data. The calculations 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 et al. predict the opposite. In the region
above 16 MeV, strong AT = 0, A = 0 transitions are predicted by both Cohen and
Kurath and by Balashov et al. which agreé with the position of the largest ex-
perimental peak at 19 MeV. A AT =0, A = 2 transition is also expected in both
calculations at somewhat lower energy than the A =0 cohtribution, in agreement
with our indication for a level at 17 MeV. None of the AT = 0, A = 2 calculations

can explain the observed indication of a level around 22 MeV.

Cohen and Kurath expect two AT = 1, A = 2 contributions which agree with the
excitations at 17 and 22 MeV. It should be noted that only AT = 1 calculation
explains the excitation around 22 MeV, The largest AT = 1, A = 0 transition
strength is expected for the level at ~ 18 MeV, in accordance with the position
of the main observed peak. However, another AT =1, A =0 transition, weaker in
intensity, is expected around 22 MeV. The middle spectrum in Fig. 6, which em-

phasizes A = 0 transitions, does not confirm this.

The indication of wide structure at higher energies will be discussed later.
The comparison with (ﬂ+,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 Ex " 3 MeV and a A = 0 transition to Ex v 19 MeV are well
identified. Evidence for transitions to additiomal levels exists at 10, 17 and
22 MeV; A = 2 is assigned to all the corresponding transitions as a dominant
component, The isospin assignment for the absorbing nucleon pair is difficult

above Ex "~ 16 MeV, where AT = 1 becomes possible in addition to AT = 0. Cohen and



Kurath suggest AT = 1 for the A = 2 transition to 22 MeV excitation. For the
transition to Ex = 17 MeV and 19 MeV, both isospin values for the nucleon pair

are possible,

4.3 Carbon-12

19,10,22523
H ’ s ) a

Carbon-12 has often been used as target for (m ,2n) reactions s

+ . 7 . 23
well as for the analogous (m ,2p) reaction ). Ozaki et al.22) and Nordberg et al. )
. . . . . 1
show no excitation energy spectrum, whereas in the case of -Calligaris et al. °)
' )

. o 9
the statistics are very poor. The measurement done by Cheshire and Sobottka
had rather bad energy resolution; besides a peak around 5 MeV, the excitation

energy spectrum shows a peak around 38 MeV which they.have attributgd to rémoval

of two s-shell nucleons.

Figure 8 shows our measured excitation energy distribution. Also indicated
are levels with large c.f.p. according to calculations for two p-shell nucleon
removals’s). The spectrum is dominated by a large peak around 1 MeV, in addition
to which there are three more peaks at about 4.5 ﬁeV, 7 MeV, and 12 MeV. Also,

there seems to be an indication of a somewhat broader peak at 21-22 MeV,.

Cohen and Kurath predict large c.f.p. for transitions to the ground state

(3+, T =0), first excited state (0.7 MeV, 1+, T = 0), and second excited state
(1.7 Mev, 0+, T = 1). Our experimental result is compatible'with this prediction,
as the main contribution lies in the region of Ex < 5 MeV., The ground-state tran;
sition has A = 2, whereas the other two have A = 0. Our measured q-distribution
for this lowest excitation energy range is shown in Fig. 9. It indicates some
L=20 contributioﬁt)but the width is significantly larger (v 150 MeV/c) than for
the targets °Be or 9B for the same separation energy. As is known from a (ﬂ?,Y)'

4)

2 . . .
measurement , the first three excited states all contribute, and therefore our
dominant peak around 1 MeV is very likely composed of ground state plus the first
three excited states. Within our energy resolution we cannot give precise numbers

for the relative contributions among them.

)

6 . . : . . .
Also Balashov et al. predict the major strength to be 'in the low excitation

region (Ex < 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+,
T = 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.  Our
measured q~distribution for this Ex 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.

+) TFor a pure L=2 the peak of the gq-distribution would occur
at 8 much greater value of q. '
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For the peaks above Ex-= 6 MeV, no attempt at comparison with known levels
has been made. However, it should be emphasized that Cohen and Kurath p;edict
a very large c.f.p. for a A =2, AT = 1 transition to an excitation energy of
7.2 MeV. Indeed-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 c.f.p:, it is suppressed
compared to the observed A = 0 transition at ébOut 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 (ﬂ+,2p) measurement of Favier et a1.7) is in
rather good agreement with our excitation spectrum, proving the similarity of the
reaction mechanism. Also the excitation spectra of both reactions for small q

only (Fig. 8 and Ref. 7) are very similar: the spectra are essentially flat in

the Ex—range 15-70 MeV,

. . + . .
Besides the comparison with (w ,2p), a comparison could be made with other
reactions that lead to the same residual nucleus, such as (p,pd), (d,a), or
(p,’He). The two-nucleon pick-up reactions (d,a) and (p,’He), however, are sen-

sitive to larger recoil momenta q than the (7 ,2n) process in our geometry.

5)

A recent 12C(p,pd)loB measurement2 at Ep = 75 MeV has shown about equal
population of ground state and first excited state, even at recoil momentum

q = 0. Their experiment showed a smaller population of the second and third ex-
cited states, similar to our results., The highervexcitation region has not been

measured by these authors.

Among the numerous theoretical papers on T absorption there are only very
few that contain a detailed prediction on the excitation energy spectrum that
this reaction should produce. Kopaleishvili et al.u) have ‘calculated this dis-
tribution for '2C, 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 so far as the

main strength is below 5 MeV,

The latest attempt to treat the complete three-body final-state system of
the (T ,2n) reaction by solving the corresponding Faddeev equations is the one by
Garcilazo and Eisenberga). In Fig. 10 a comparison between our measured w-
distribution, integrated over all Ex vélues, énd their prediction has been made.
It shows that our distribution is rather flat in the w-range covered, and disagrees

with the predicted distribution, which is peaked at 180°. If we restrict our
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data to small ES values (see Fig. 16), then the w-distribution is peaked at this
angle , and thus is in better qualitative agreement with the prediction for two
nucleons coming f;om the 1p3/2 shella). But it should be also mentioned that the
shape of this shown w—distgibution depends on the choice of the upper limit in ES,
i.e. the higher this limit the less pronounced the peak at 180° generally becomes.
Thereforé we would like to emphasize the necessity of theoretical efforts giving
more detailed excitation spectra with angular and recoil momentum distributions

for certain ranges of excitation energy.

4,4 General remarks on the p—-shell hole states

To discuss the systematic trends of the p-nucleon removal in different tar-
gets, the separation energy of the neutron—protdn pair is more relevant than the
excitation energy in the residual nuclei. 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 11) .

x)

free deuteron”’, It is surprising to find that for all these targets, the peaks

are indicated as a function of Es’ the separation energy of a

are nearly at the same position, namely at ES " 26 MeV. A comparison of the ener-

6)

gies of our (ﬂ-,Zn) peaks and the peaks from (p,2p) results2 as shown in Fig. 11,
reveals a certain similarity between them. If the scale of the single-nucleon
separation energy is expanded by almost a factor of 2 with respect to the two-
nucleon separation energy, this similarity becomes obvious, and does not séem to

be only fortuitous. This 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 = 0, the two components a) 28 (N’=1, L =0) x1s (n =0, & = 0) and
b) 1S (N’=0, L =0) x 2s (n =1, & = 0) may contribute, as has been mentioned
in Section 2. For the transitions to which the c.f.p. calculations predict strong
A = 0 contributions, such.as the 7.5 MeV and 10.3 MeV levels in ’‘Li, or ‘the 19 MeV
level in ®Be, the experiment shows that the width of the corresponding q-
distributions 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-distributions
for 1S and 28 transitions is made, which shows that the above mentioned A = 0

transitions are closer to the 2S distribution. Therefore, the combination (a),

*) Eg is given by: Eg = Eg + MB - My + my. Where Mj and Mp are the masses of

the target and recoil nucleus, and my is the mass of the free deuteron.
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corresponding to the pion absorption by a pair in a relative ls-state, seems to

be favoured compared to (b), i.e. 2s absorption.

According to our obéervations, for equal c.f.p., A = 2 transitions are
generally weaker than A = 0 transitions. It has already been mentioned that the
L =2, 2 =0 component of the A = 2 transition is suppressed in our geometry.

- Apparently also the second component L = 0, £ = 2 does not appear strongly. We
‘conclude, therefore, that the absorption by a pair in the relative d-state (& = 2)

is less favoured than in the s-state (& = 0).

It should be mentioned, however, that we observe a clear though not very
strong transition at 7 MeV in the residual nucleus !°B, which corresponds probably
to the absorption of a pair in a relative d-state, provided our attribution to a
predicted A = 2 state is correct. The corresponding q-distribution is given in

Fig. 2. It agrees with the schematically calculated distribution for a 1S-state.

RESULTS AND DISCUSSION -- HIGH E REGION

On the lithium isotopes two well-separated big peaks are observed in the

excitation energy spectra obtained in the (ﬂ_,ZN) reactions, one peak around
7,10,12)

EX = 0-4 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
remova17’12). In the 12C(Tr_,2n)1°B measurement of Cheshire and Sobottka, the

9)

2 is comparable in

reported peak corresponding to s° removal at EX N 38 MeV
size to the p?-removal, i.e. the ratio of s- to p-removal is smaller than in the
lithium isotopes. Therefore it is interesting to look at s-nucleon removal with
targets in the mass number range between lithium and carbon.

6) )

It is worth while to mention the results from (p,2p) 2 and (p,d) 27 ex—
periments on single s-nucleon removal involving the same targets. In the corres-
ponding separation energy spectra, a peak which is v 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 be-

! peaks in (p,2p) results and p~ 2 peaks in (T ,2n) results mentioned

2

tween p_
earlier, we expect s”“-removal to appear at considerably higher ES than one-nucleon

removal. In addition, the peak should be wide, with possible fine structure,

Our excitation spectra are shown in Figs. 4, 6, 8, None of these spectra
show such a clear and distinct peak at higher Ex as was observed in °Li or 7Li.

2 peak, reported by Cheshire and Sobottka.

In '2C we cannot confirm the separated s~
This is in spite of the fact that our experimental set—up covers a much

w-range.

Because of the large separation energies of s-shell nucleons, one expects

‘wide gq-distributions for the corresponding peaks. In order to be more sensitive
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to those states, we show in Fig. 12 the excitation spectra for events with large
recoil momentum for 9Be, 10B, and 12C, respectively. From these spectra several
observations can be made. Although there is no broad, dominant peak at 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 Ex—region is already somewhat suppressed. Apart from the structure at small
excitation energies discussed in Section 4, structures at higher energies are
visible. In the !?C spectrum we recognize a peak at ES ~ 36.5 MeV, followed by

a dip at 42 MeV; 1in the case of °Be there are one or fwo peaks around 36 MeV and

a dip at 43 MeV, and in '°B a peak at 40 MeV and a dip at 45 MeV.

For the peaks just mentioned, gq- and 6-distributions 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 L = O dominance. The
interpretation of these three narrow peaks is not simple. -As the separaﬁion ener-
gies are slightly too high for p?-removal, they might be contributions from sp-

removal. The q-distributions, however, do not support this picture.

In the higher excitation-energy region, it can be expected that the contri-
bution of mechanisms other than quasi-free 2N absorption becomes important. In

)

. 7 . . . . .
fact, Favier et al. estimate that in their w-range, which is comparable to ours,
half the events are due to other processes. On the other hand, our observed struc-
ture in the high excitation-energy region seems to support the quasi-free 2N pro-

cess.

In order to investigate the relative contributions of these two processes,
a comparison of separation energy spectra with different. windows in w and in q is
shown in Figs. 14 and 15. From this comparison several remarks can be made: in
the spectra with w-windows (Fig. 14), it can be seen that for °Be, up to ES uY
" 35 MeV, the w-distribution is decreasing with decreasing w, whereas beyond this
point it is rather flat. For '2C the distribution becomes flat at ES = 30-37 MeV,
and beyond this energy range the distribution is slightly increasing. The '°B
target seems to be exceptional. The w-distribution is decreasing everywhere,

although its inclination changes at ES " 34 MeV,

In the spectra with q-windows (Fig. 15), it can be seen that the q-distribution
changes rather drastically at ES N 48 MeV for '2C. Below this energy the distri-
bution is decreasing with increasing q, whereas beyond this point it is almost
flat. An indication of the same behaviour is observed in °Be. The target !°B is
again very different. The region where the q-distributions are decreasing con-
tinues up to ES ~ 70 MeV, The sudden change of the q-distribution mentioned above
can be understood if it is postulated that, at this separation energy, s2-removal

replaces p’-removal. In the latter case, according to our observationm, the
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dominant transitions come from 2S (N°= 1, L = 0), showing a narrow q-distribution.

2—removal, however, only transitions corresponding to 1S (N'= O,

In the case of s
L = 0) are allowed. This causes a considerably wider q-distribution, in addition

to the widening of the g-distribution owing to the larger separation energy.

The processes other than the quasi-free 2N absorption are expected to produce
distributions that do not critically depend on the target nucleus, if the mass
is similar. In the separation energy spectra for q-windows as well as for w-
windows, !°B is very different from the other targets. This difference can also
be seen in the w distributions for the range of separation energies between
48 MeV and 70 MeV, as shown in Fig. 16. It seems therefore not very likely that

processes other than quasi-free 2N absorption are dominant in this energy range.

This conclusion is also supported by the absolute rates. In Table 1 the in-
tegrated rates per stopped pion for the low ES-region as well as for the high ES-
region are given for all three target nuclei. The numbers correspond to the
w-range from 145° to 180°. 1In the low Ex—region the observed w-distributions are
strongly peaked at 180° and hence our set-up covers nearly all events. This is
certainly no longer the case in the high Ex—region, because there the w-distribu-
tions are much wider. An isotropic w-distribution, however, can be excluded,
because in this case the extrapolated rates per stopped pion integrated over all
the w-range would far exceed 100%. A non-isotropic w-distribution can in turn

be more easily explained by direct processes.

CONCLUSIONS

It was shown that for all three targets, °Be, '°B, !?C, studied in our ex-
periment, the prominent peaks in the low excitation-energy region can be attributed
to known levels, and that their population is in a qualitative agreement with the

c.f.p. calculations for the p-shell nucleons.

In these target nuclei, as well as in "N, a surprising similarity has been
found between the systematics of the two—nucleon separation energy ES 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 explained 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 tran-
sitions and the general  weakness of A = 2 transitions seem to indicate that the
pion absorption by a nucleon pair in relative ls-state is favoured compared to

the 2s- as well as the ld-states.

Relatively high rates have been observed for the transitions leading to high

separation energies, Although no quantitative conclusion on the relative
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contribution of s2-removal and non-quasi-free 2N processes could be made, the
absolute rate corresponding to this ES region in our w-range, as well as the
structure observed in the excitation spectra, seem to support the importance

of the s~ 2 process.

A comparison between our excitation spectra and those from the low-energy
(ﬂ+,2p) reaction shows that, within the experimental precision, the relative
population of the residual levels is very similar 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.

Acknowledgements

We would like to express our thanks to all the members of the SC group for
their collaboration, and in particular to Dr. E.G. Michaelis, who also carefully

read the manuscript.



— 128 —

Table 1

Integrated rates per stopped pion
for different Eg-regions., The num~
bers are corrected with respect to
geometrical efficiencies in the w-
range between 145° and 180°.

Eg < 35 MeV | Eg > 35 MeV
?Be 14.5% 22%
og | 12.5% 162

12¢ 102 - 16%
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.Figure captions

Fig.

Fig,

Fig.

Fig.

Fig.

Fig,

1

2

10

Kinematical variables used in the text.

Recoil momentum distributions as measured for the 10.5 MeV level in
7Li (O), and for the 7 MeV level in !°B (@). The curves correspond
to 1S, 28, and 1D c.m. states and are calculated in the saﬁé manner
as described in Ref. 15. A square well potential has been used,.
and the parameter in the n-p relative wave function is chosen accor-

ding to the electron scattering data.
Experimental Set-up. For details see text,

Excitation emergy spectrum for the residual nucleus ’Li. Upper

curve: all data; lower curve: events with q < 100 MeV/c.

q- and 6-distributions for three peaks in the Ex spectrum of ’Li,
For the 6-distributions, q has been restricted to less than

220 MeV/c, 210 MeV/c, and 200 MeV/c from top to, bottom.

‘Excitation energy spectrum for the residual nucleus 8B_e. Upper

curve: all data; middle curve: events with q < 100 MeV/c; lower
curve: events with q > 140 MeV/c. Results of c.f.p. 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
toA=0,T=0, .

g- and 6-distributions for two peaks in the'Ex—spectrum of %Be.
For the 6-distributions, q has been restricted to less than 190 MeV/c

and 170 MeV/c for the lower and higher Ex—window, respectively.

Excitation energy spectrum for the residual nucleus }oB. Upber

curve: all data; 7lower curve: events with q < 100 MeV/c. Results
of c.f.p. calculations from Ref, 5 (CK) and Ref., 6 (BBR) for T = 0
(solid 1lines) and T = 1 (dashed lines) are indicated on top of the

figure.

q~ and 6-distributions for three peaks in the Ex spectrum of 1B,
For the 6-distributions, q has been restricted to less than 180 MeV/c,
170 MeV/c, and 165 MeV/c from top to bottom..

Measured (@) w-distribution from the reaction 12C(Tr",2n)1°B, integrated
over all Ex’ compared with the theoretical prediction (curve) of Ref. 3
with correlation parameter r, = 0.6 fm. The two distributions have,

been normalized at 180°,
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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 "N from Ref. 11.

Comparison of Es spectra with q > 140 MeV/c for the three targets.

E# scales are also shown.

q- and O-distributions for three peaks in the intermediate Ex-region.

For the 0-distributions, q has been restricted to less than 160 MeV/c.

Separation energy spectra for different w-windows for the three tar-
gets., Curves I to V correspond to windows in (-cos w) of 0,820-0.856;
0.856-0.892; 0.892-0.928; 0.928-0.964, and 0.964-1.00, respectively.

Separation energy spectra for different q—windows for the three tar-

gets.

Comparison of w-distributions for the three targets, for small and

large separation energies.
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