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

Abstract

At the CERN"':SC II the (n-, 2n) reactionwas investigatedin a

kinematically complete experiment. The target nuclei were 6Li ,
7. 9 10 1,2 1 4 1 6 .Ll, Be, B, C, N and O. The latter was studled over

the widest angular range and with the highest statistics.

The two neutrons emitted 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 (n-, 2n) measurements.

For definite residual states or regions in excitation energy

distributions in the following variables are given: neutron

energy, 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

S (q, E ) and quantum numbers of the neutron proton pairsnp s
involved in the absorption. Conclusions on the reaction mechanism

are drawn.

The results are compared'with theoretical predictions as weil

as with other two-nucleon removal r~actions.



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

Zusammenfassun9"

Am CERN-SC II-wurdedie- (TI ,-2n) Reaktion in einern kinematisch

vollständigen Experiment untersucht. Targetkerne waren 6Li ,
7. 9B 10 12 14 d 160 B . I t t d "bL1, e, B, C, N un . e1 e z erem war er u er-

strichene Winkelbereich am größten und die Statistik am besten.

Die beiden auslaufenden Neutronen wurden in Koinzideni nachge

wiesen mittels zweier großflächiger, ortsauflösender Flugzeit

zähler. Die erreichte Auflösung in der Anregungsenergie des

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

als in früheren (TI , 2n) Messungen.

Für bestimmte Zustände 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 die.se

Verteilungen sind korrigiert bezüglich Nachweiswahrscheinlich

keit der Zähler und geometrischer Akzeptanz. Die Anregungsspek

tren sind in absoluten Raten pro gestopptem Pion angegeben.

Information wurde erhalten über die Spektralfunktion S (q, E )np s
und die Quantenzahlen des Neutron-Proton Paares, das an der

Absorption beteiligt war. Schlüsse über den Reaktionsmechanismus

werden gezogen.

Die Ergebnisse werden mit theoretischen Vorhersagen und anderen

Reaktionen verglichen.
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I. Introduction

For the pion as a boson true absorption,takes place in

nuclei. The first reaction one might'consider is the

absorption by one nucleon with subsequent emission of

that nucleon. In case of absorption of stopped TI the

nucleus receives practically no momentum but an energy

of about 140 MeV corresponding to the pion rest maSSe

The single nucleon would take up this amount as kinetic

energy and depart with a corresponding 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 single 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,

0.51 (P1"'P2) 1= 30Q ...·350 MeV[c, corresponding to a distance

of roughly 0.6 fm.

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.
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The reactions investigated were mainly (n-, 2n) [3-7]

with stopped TI as well as (TI+, 2p) [8-10] ~ith TI+ of

energies between30 and 80 MeV. The energy resolution

and statistics obtained greatly differed from experiment

to experiment. So far, only two measurements [9,10] both

being (TI+, 2p), allowed to investigate systematically

the most important nuclei of the 1p-shell with a

reasonable resolution and statistics.

Emphasis in the (TI, 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 ~re concerned [11]. Like in two-nucleon

transfer or quasi-free knockout reactions of the type

(d,a) and (p, pd) respectively~ information obtainable

from pion induced two-nucleon emission can be divided

into two main categories:

a) Information on the reaction mechanism:

One interesting aspect is a possible dependence of

the TI NN-interaction on the quantum numbers of the

two nucleons, i. e. angular momenta and associated

main quantum numbers,spin and isospin. Also the

influence of the pion angular momentum with respect

to the target nucleons can be studied.

In this cont~xt, a comparison between (TI-, 2n) and

(TI+, 2p) results might likewise yield information

about the TI NN-interaction. These two reactions are

related via charge symmetry and lead to the same

residual nucleus, but due to different initial pion

states the results are not apriori identical.
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b) Nuclear structure information

Results can be obtained on the distribution of separation

energy of two-hole states in nuclei as weIl 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 connection with information about the reaction mechanism

and nuclear structUre it must not be overlooked, however,

that they are not apriori completely ind~pendent of each

other. For example, depending on how weIl 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 weIl as to the nuclear structure. Basic knowledge 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 referred to the review articles

by Koltun [12] and Hüfner [13].
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11. Kinematical Quantities and Quantum Numbers

11. 1. Kinematical quantities

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

-q

""'-
""""'-

"'-

", "
2p "

""
P,

p =1/2 (p, - P2 )

q =-(p, + P2 )

Fig. 1: Kinematical variables used in the text
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We rneasure the tirne-of-flight and the directions of

the two neutrons ernitted. This allows to calculqte the
-+ -+-

kinetic energies E1 , E2 and the two momenta P1' P2. For

stopped pions three independent variables are sufficient

to deterrnine the kinernatics 'cornpletely.

We then calculate the following variables:

Opening angle w = arc cos

-+ -+ -+
Recoil momentum q = - (P1 + P2); its magnitude q is equal

to the momentum of the center of rnass of the two nucleons

with respect to the target c.rn.

As the pion contributes essentially no momentum , q is

also equal to the momentum of the c.rn. of the absorbing

nucleon pair before the absorption. Here we neglect

effects of final state interactions (see 11. 5.).

-+ 1 -+ -+
Relative momentum p = 2 (P1 - P2)

Angle 8 spanned by relative and c.rn. momenta

8 = arc cos
-+ -+p . q
p .q

One of the most irnportant quantities to be calculated is

the excitation energy E of the residual nucleus:
x

E
x

2with ER = q /2 . MR, the kinetic energy of the reco~ling

nucleus with rnass M
R

.

The Q-value is defined as:

Q = rn - binding energy of an np-pair - (rn - rn ).
TI n p
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The last term takes into accQunt the fact that the

negative pion transforms a proton into a neutron TI +

np + nn.

11. 2. RelationshiE betwe~n E and q

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

1 we a.erive:

2 2 1 2 e ( 1 )P2 = P + '4 q - pq . cos

and 2 2 1 2 + pq . e (2 )P1 = P + 4" q cos

therefore, 2 2
2 P

2 + 1 2
(3 )P1 + P2 = q2

Using the energy conservation:

Together.with (3) we get:

m . (Q - E ) = p2 + 1 (1 + mn ) . q2
n x 2 2 MR

(4)

For a given target nucleus A and a fixed value of E we
x

thus have:

2 + 2
(5)p aq = c

1 (1
m

with a = + ---!!) and c = m (Q - Ex)·2 2 MR n

~ith MR ~ (A - 2) . mn it is found that in the 1p-shell

a varies from a = 3/8 (6Li ) to a = 2/7 (16 0 ).

For intensity reasons this experiment was mainly

performed with large opening angles w > 150 o. Therefore,
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small recoil momenta q were preferred.

In Fig. 2 we present the variationofp as afunction of

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

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

Pmax. = Imn . (Q - Ex)' it is the value for

q = 0, which implies w = 180 0 and E. 1

In the process of pion abBorption by a nucleon pair we

investigate high relative momenta between the two outgoing

nucleons.

320

310

300

CL

290

50 100 150 200 250

q(MeV/c)

Fig. 2: Relative momentum p as a function of the c.m.
momentum q
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Through the uncertainty relation.p ~ 300 MeV/c can be.

related to a distance of roughly 0.65 fm which the two

nucleonsare assumed to have at the moment öf absorption.

Ther_efore, oile can hope to learn something about .the

short-range beh~vior 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.

11. 3. Relationship between wand q

In the plane spanned by·wand q only a certain part is

allowed kinematically. For instance, q = 0 is possible

only with w = 180 o. For all other values of w a minimum

q exists. From Fig. 1 we derive

2 P1 P 2 cos w =

inserting Eqs.

2
P1 +

(1 ) ,

2 2
P2 - 4 P

(2) and (3)

(6 )

one obtains

cos w = -/p2

1224 q. P
(7 )

from which we get w > 90 0 q < 2p,
w = 90 0 q = 2p,
w < 90 0 q > 2p,

For w = 90 0 it follows that p and q are fixed at one

value depending only on the target nucleus and on E :x

q = 2p and from Eq. (5) q (w = 90 0) = -I c
1'4 + a

Inserting (5) into (7) we obtain:
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2 (a + 1)q - c4
cos w = (8)

1"Cq 2 .(~. a) 2 '(c
2 ... 2. 2 e- + c] - - aq ) q cos

equivalently:or,
(a + l)· - c

(1 - a) + c
4

2
q

= 0:

2q
COS., wext =

The extrem value of cos w ,(for fixed q) follows from (8)

with cos e

= v' _---,,......c_---'-__
1-cos w

a + 4 ( 1+cos w)

Actually, for w > 90 0 this q t turns out to be the. ex
minimum q and for w < 90 0 the maximum q.

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

calculated for the transition

11. 4. Relationship between e and q

In the plane spanned by e and q no points exist that

are forbidden apriori. A restriction is imposed if the

experiment is limited to a defined w-range. In the

following we limit ourselves to the case w = 180 0max
and 90 0 < w

min
< 180 0
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q(MeV/c)

600

q-fu

400200
180 0 -=:-7'....-,.-,...-r--b--r-r-7~:J.-r-r--r--r-7+-r-/7"'7"""""'::......,....~-+------+---

o° L- ~---'"'---'---"-.L.......<.--'-............'--"'--

3 90 0 ------------------

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:

8 = + vlX-y/cos
2

wcos - 2 2
(c-aq ). q

(9 )

with x = [q2(~ - a) + c]2 andy = [q2(a + ~) _ c]2

The two signs in Eq. (9) reflect the fact that for reasons

of symmetry the 8-distributions must be symmetrical around

8 = 90 0
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The shaded area in Fig. 4 shows the allowed region, again

for the transition 16 0 (rr-, 2n) 14N3 . 9 MeV and wmin ; 150 0

Because of the experimental limitation in w recoil momenta

q are completely measured only up to q = q'; see Fig. 4.

q (M eV / c ),

100 200 300

CD 0
III
o
U

-1

q

Fig. 4: Experimentally covered region in the plane spanned
by the recoil momentum q and the angle e (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 e the q-distributions at high q can be given.

Eq. (9) with w = w. and cos e = 0 givesmln

, =,; c (1 +cos Wroin)
q 1 1

cos w. (a--) +a+-mln 4 4

In our example q'= 167 MeV/c.

( 1 0 )

All q-distributions shown are indicated up to the highest

recoil momenta measured. For q > q' the assumption mentioned

above regarding e was made, see also 11. 8.

All the reported e-distributions are integrated over q up

to q = q' .

11. 5. Recoil momentum distributions

The special importance 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 q-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 distortions) .

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]J

We denote the corresponding angular momenta by 1
1

, 1 2 ,'

Land 1, respectively. We then have 11 + 12 = A= 1 +
+. . I

L. The energy conservation in the shell model gives

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

where n 1 , n 2 , N, n are the corresponding principal

quantum numbers. The last equation also guarantees the

parity conservation

. (_1)1 1 + 1 2 = (_1)1 + L

For remova~ of different nucleon pairs we thus obtain

(see also Ref. 14 and Chapter 2 of Appendix A) the following

possibilities.

For two riucleons from the 1p-shell, 2i. e. p -removal,

1 1 = 1 2 = 1 and

we have A = 0, a) 28 (N=1, L=O) x 1s (n=O, 1=0)

b) 18 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.

1 1For s p -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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2
For s -removal we have

A = 0, h) 1S x 1s

and again the residual state and the target nucleushave

the same parity.

Some remarks should be made on the combinations a) - h).

Usually, 1 = 0 is assumed in the initial state because

for 1. ~ 0 it seems uncertain whether the angular momentum
1

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 coefficiehts of fractional parentage (c.f.p.)

for two-nucleon removal were made for reactions of the type

(d, a) and (p, pd) requiring 1. = O. However, the important
1

quantity .in their calculations is A and the results obtained

by these authors are equally applicable to this experiment

in which 1. = 0 must not be fulfilled apriori.
1

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 cornbination 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]

Mfi = const.· ~ (q)

where ~ (q) 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]

Mfi = const.·. (q)·t(p).

The wave function of the c.m. motion of the paircan

be evaluated using e. g. a harmonic oscillator or a square

weIl potential. If there is ~n experimental preference for

a small q or if for different reasons, li~e surface absorption,

the contribution from small radii is suppr~ssed, the square

weIl 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 theauthors 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 q-distributions with

their maxima at q. = 0 and for L ~ 0 with a minimum at

q .= 0; see also Fig. 2 in Appendix A. Various effects will

modify the shape of the q-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 nucleonsi the distortion is expected to have a

bigger effect on the observed q-distribution ..

II. 6. 6-distribution

,
The importance of the angle ·6 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 E , recoil momentum q, andlangle
x

6 form a complete set of variables. For a fixed Ex the

distribution of events may be expressed as

2
d R(q,6)

dq d cos 6
= const.. PSF 2

• IM(q,6) I .

The phase space factor PSF. will be calculated in II. 8.

For fixed q the 6-distribution F (6) can then be expanded

in aseries of Legendre polynomials:

F(6)= const. Ea·P (cos 6)
r

where according to Koltun [19]

and

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

momenta.
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It follows that for Lf = 0 F (8) = const. We shall see

that F (8) = const. is frequently observed in the experiment.

It was already mentioned that for reasons of symmetry F (8)

must be symmetrical around 8 = 90 0 , i. e. r can only be

even.

11. 7. Angular momentum and isospin quantum numbers and

selection rules

The transformation from 1 1 , 1 2 to Land 1 was mentioned in

11. 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.

Tl:

C.M. of n: 2N - system

Fig. 5: Angular momenta used in the text
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The origin 0 is in the c.m. of the t~rget nucleus~ 1 TI
is the orbital angular momentum of the pion (we take

only atomicS- or P-absarptföh). L ändl ha.ve· cüready

been defined, A is the pion angular momentum with respect

to the c.m. of the two nucleons, and A the angular. cm
momentum of the c.m. of the TI 2N~system.

a) Conclusions from 1 = 0 or 1--'--------'------TI----'--

In the quasi-free model angular momentum and p~rity have

to be conserved within the TI 2N-system, i. e. A is the

relevant quantity rather than lTI. Similar to the

transformation 1 1 , 1 2 + 1, L mentioned previously we

can make a transformation 1 , L + A, A .TI cm
Then we have the conditions

+ +
A + Acm and

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

possibilities:

L = 0, A,A = 0, 0cm
L = 1 , A,A = 0, 1 or 1 , 0cm
L = 2, A,A = 0, 2 or 2, 0cm

For 1 = 1 (P-wave pions) more possibilities exist
+TI +

for lTI + L:

L = 0, A,A = 0, 1 or 1 , 0cm
L = 1 , A,A cm = 0, 0 or 1 , 1 or 2, 2

L = 2, A,A = 0, 1 or 1 , 0 or 1 , 2 or 2, 1cm

For L = 1 and L = 2 only the lowest rossible values

of A and Aare listed.cm
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For most of the nuclei studied here 1 = 1 is known7f
to be dominant and combined with the geometrically

favouredL :::: 0 the releVant angular mofuentum Acan be 0

or 1. But due to the fact that m2N » m7f1 the c.m. of

:the 7f 2N-system is very close to the C.ID. of the nucleon

pair, i. e. Acm = L in a first approximation and then

A = 1 .7f

b) Koltun's selection rule ~L = 0 [19]

As we regard only pions moving slqwly with respect to the

target nucleus, it seems plausible to assurne that there

will be no angular momentum transfer to the c.m. of the

two-nucleon system, i. e. ~L = o.
+ +

This can be put in more quantitative. terms. Let q and P7f

be the momentum of the c.m. of thetwo nucleons and the

pion momentulllf respectively, both with respect to the

target c.m. Then the relative momentUm' between the pion

and the nucleon pair is

p
rel

Its magnitude can be estimated:

m7fq + 2~.P7f 1
P 1 $ 2 + N ~ 17 MeV/c = 0.08 fm-
re ~ m7f

for q = 200 MeV/c and P7f ~ 3 MeV/c for absorption from

the atomic 2P-level in 12C '(n = 2, Z = 6) •

For a distance d = 1 fm we get

~L .:s; P . d ~ 0.08 (in units of t)rel
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and thus ~L = 0 seems to be preferred indeed, at least

for light nuclei.

In the case of ~L = 0 it is clear that the pion angular

momentum and parity can affect only the "internal" quantUITI

numbers 1 and S of the two nucleons, the latter being tl:le

two-nucleon total spin.

c) Transition rules for the two nucleons

We firs~ assume ~L = 0 and restrict ourselves to (TI-, 2n)
+or (TI , 2p) where the isospin of the two nucleons in the

final state roust be unity, T
f

= 1. Because of the negative

intrinsic parity o~ the pion P
TI

= (_1)~+1. The notation

J = 1 + S is used in the following paragraphs.

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

~l = 1, ~J = 0 ( 11)

and this gives the following isospin selection rules.

i) For li = odd T. = 0 is forbidden:
l

From the Pauli principle we derive in this case S. = O.
l

Eq. (11) implies ~S = 1 and therefore Sf = 1 and lf even.

The Pauli principle would require T
f

= 0 which is not

allowed for two identical nucleons.

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

The case 1. = even and T. = Oimplies S. = 1, generating,
l l l

generally, more possibilities of combining 1. and S. such
l l

that ~l = 1, ~J = 0 is possible without a change of S.

The case li = even and Ti = 1 implies Si = 0 and with

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

is correct.
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Examples:
TS 1 = 01 S -+-

11 p
J 1 1

10S --+- 11 p
0 0

For p-wave absorption (A = 1) we obtain

ß1 = 0,2 and ßJ = 1. ( 12 )

iii) For 1i = even we now.find Ti = 1 forbidden:

1. = even and T. = 1 imp1y S. = O. Using Eq. ( 12 ) we find
1 1 1

ßS = 1 , i. e. Sf = 1 and 1f = even. Thi,s in turn imp1ies,

Tf = 0 which is not a11owed.

iv) For 1. = odd both T. = 0,1 are a1lowed:
1 1

If 1. = odd, T. = 0 we have S. = o. Then ßS = 1 , i. e.
1 1 1

Sf = 1 and 1f = odd, imp1ying Tf = 1. In the case 1i = odd,

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

ßJ = 1 without change of S.

Examp1es: OOp
1

-+- 11 p' 11 p
0' 2

or 11 p 11 p
0' 2

As a sununary, for ßL = ° one obtains the fo11owing isospin

se1ection ru1es:

S-wave pion (A = 0), for 1i? odd on1y Ti = 1 i,s a11oweq,

wher~as ~or 1. =·even Tl' = 0 and 1 are a11owed.. 1

P-wave pion {A = 1), for 1. = even on1y Tl' = 0 is a1lowed,. 1

whereas for 1. = odd T. = 0 and 1 are allowed.
1 1

If 1. = 0 is assumed'on the basis of the c10se corre1ation1 .

and the Ko1tun ru1e &L = 0 is respected, the fo11owing

transitions shou1d be the most important ones:
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For 8-wave pions (A= 0) 108 + 11 P
0 0

and 01 8 + 11 P
1 '1

For P-wave pions ( A = 1) 01 8 +
10

81 ')1..
0

10 D
I 2

For the case ßL = 1, which is in principle allowed but

should be much less frequent, one obtains:

In case of ~-wave absorption (A = 0) ßl = 0,2 and ßJ = 1

in order to conserve parity and angular momentum. Therefore,

we have the same selection rules as for the case ßL = 0 and

A = 1. In case of p-wave absorption (A = 1) ßl = 1 and ßJ

= 0 in order to conserve parity and angular momentum.

Therefore, the selection rules are identical to the case

ßL ='0 and A = O.

In connection with the isospin selection rules above it

should be meritioned that for target nuclei with T = 0

Ti will be the same as T of the residual state. For example,

if Ti = 1 is forbidden, no levels with T= 1 should be

excited in the residual nucleus.

11. 8. Phase space

Except for multiplicative constants, the phase space factor

is given by

P8F = J 0 (P1 + P2 + q) . o(Ef - Ei) d
3

p1

J 0 (~f-Ei) d3P1 . d3p2

=
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E. = Q - E , see 11. 2.
1. x

+ + + +
Now we trans form from the variables P1' P2 to p and q,

+ -1 + +
.P1 = "2 q + P and = - 1 -+ +2" q - p.

The corresponding Jacobian turns out to be unity:

+ +
() (P1' P2)

+ +a (g, p)
= 1.

Therefore PSF

been performed and for the
+

direction of p is chosen as the

= d cos e ·d~.Integration over

of 2TI and so we obtain

integraotion over

z-axis, in which

d~ gives another

PSF = const. J

= const. J

= const.. J

The integration over d~ has
p

d~q the

case d~q

constant

Therefore, the transition rate as a function of q and

e takes a particularly simple form:

d
2

R = const.. p.q2. IM (q, e) 1
2

dq·d cos e



-25-

In case that the matrix element is independent of 8,

integration over8 istrivial and one obtains for the

rec9il momentum distribution

dR = const.. p.q2 . IM (q) 1
2 .---a:q-

It shduld be mentioned that in case of an experimental

limitation, like a w . , the phase space factor calculatedmln
here has to be modified for q > q', q' being defined in

11. 4. We have determined this modified phase space by

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

'Only the most important aspects ofthe many theoretical

calculations shall be mentioned here. The already cited

rev~ew articles [12,13] and the one by Kopaleishvili [20]

give 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
+

functions. The target nucleus wave function 'A (r 1 , .
+
r A) is then expanded in all possible states of the residual

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

+ + + +
'A (r 1 ,· ,rA) = E C"A-2 (r1'·········,rA~2) . '2

+ +
(rA- 1 ,rA) .

C are the relevant coefficients of fractional parentage

(c.f.p.). They depend on all internal quantum numbers of

the two subsystem$. The summation ext'ends 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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+ 1
where r = - .2

For a detailed comparison with our measured excitation

energy spectra knowledge of the distribition of two-hole

'states in ~A is very important. Such c.f.p. calculations

for·two nucleon rembval are available [15,16], but only
,

for removal from the 1p-shell. Only very few detailed

theoretical predictions exist regarding the excitation

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

The c.f.p. 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. predictions. 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 ~(r) at short distances. The

form of these correlations is in most cases a multiplicative

factor, the so-called'Jastrow factor, containing a single

parameter function supposed to describe effects of the hard
+

core on ~(r). Chung et ale [24], for instance, used the

following factor:
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q is in this case the

otherwise independent

the type
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= spherical Bessel function.

momentum exchanged by the two
-

nucleons. Correlation factors of

. 2
f (r) =1-exp (-ar)

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 + 00, 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) TI NN-interaction operator

For the description of pion induced nuclear reactions the

bound nucleons have to be treatednon-relativistically,

i. e. the non-relativistic. form of the TI N-interaction is

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

Hamiltonian

has been used where f, f' are coupling constants, tN and

TN are nucleon spin- and isospin operators, and ~TI is the

pion wave function. The first term in H N' with V or V ,
TI TI TI

corresponds to the limiting case of a fixed nucleon (static

case) and the second term, with ~N or VN, takes into

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

ensures the Galilei invariance of HTIN . Regarding the atomic
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18 and 2P pion wave functions (see for instance Ref. 24)

one realizes that the fi~st term practically drops for

18-absorption ~ecause in a first appioximat{on 9TI~~S = 0

within the nuclear radius. On the other hand, for 2p

absorption the second term becomes negligible because

~2P«~18 within the nucleus. Therefore, in a first
TI TI

approximation the first term of HTIN describes P-wave

absorption, whereas the second describes 8-wave absorption.

In the quasi-free two-nucleon model summation over

just two nucleons is carried out for calculation of

matrix elements:

HTIN is the simplest, Galilei-invariant expression for the

TIN-interaction and it can also be derived from theLorentz

invariant, pseudoscalar TIN-interaction (Ys-coupling) as the

non-relativistic limiting case. However, this reduction ~o

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 HTIN was proposed by Koltun

and Reitan [32], na~ely s-wave scattering of the pi6n 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 scattering and the d-state (1 = 2)

admixture to be important.

Applying their t6eory to the reaction 6Li (TI-, 2n)4 He

Koltun and Reitan [33] emphasized the importance of

rescattering on absolute rat~s and momentum distribution

of the quasi-deuteron. Again the 1 = 2 contribution to
+ .

~(r) played a role. Kopaleishvili and Machabeli [34]

argued that when taking into account rescattering the

final state ~ucleon-nucleon interaction (see p~rt 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 (TI, 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 ~nteraction 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 ~f(R) has been

approximated by a plane wave.

Concerning the NN final state interaction (FSI) many
+

authors used an asymptotic form for ~f(r) 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 ofthe

Schrödinger 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 Eisenberg [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 s 1,p 1 and s2-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 complete 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 0 . The last statement is in clear disagreement with

known experiments.
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2.) SRC's are absolutely necessary to explain the

(TI, NN) reaction. In agreement with Morris and

Weber, Barcilazo and Eisenbergconfirm tne importance

of the distortions and·the necessity of the initial

state SRC for the reproduction of the 1800 correlation

obs~rved.

Surnrnarizing 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 motiva.tion for (TI, 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 experiment

theoretical predictions on the excitation ~nergy spectrurn

are needed, including high E , i.e. removal of s-shell
x

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 11 in 1975/76. The internaI proton

beam intensity was 1-2 ~A. 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 5 sec- 1 • About 40 % of thebeam 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, ~ 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

CIII was registered for each valid event in order to get

some idea about the pion stopping point in the target in

the 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 111 and C IV consisted of 4

strips of 2.5 cm width each, mounted on SEN 1045
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photomultiplier assemblies. It determined with an"accuracy

of about ±1.5 cm the pion stopping point in the target

perpendicular -tothebeam directlon. e--:r.Vwas a very thin

(0.5 rnrn) scintillator and rejected the pions which had

stopped in the hodoscope and not in the target.

The anti-counter V was relatively larg~ in area, 30 x

25 cm, and like C 11 and C 111 it had a pair of twisted

strip light-guides and RCA 8850 photomultipliers. The

threshold of its discriminator was kept as low as Vossible

in order to ensure high efficiency.

For the detection of the two neutrons we used two

large-area, position-sensitive time-of-flight counters

with the dimensions 200 x 48 x 9 cm. They will be described

in IV. 2.

For the targets 9Be , 10 B, 12C and 14N 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 1606 . In the case of 6Li , 7Li and 160

they were 5.8 m and 1690 , respectively. With 160 an

independent m~asurement was 'performed at 4.5 m distance

and an angle of 1400 . The covered range ~or the angle w

was 140-1800~ 150-1800 and 125-1600 , respectively, for the

three cases just mentioned.
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IV. 2. Neutron counters

Thepicture 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 s~intillator 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 theeight 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 off7line 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 des~ription 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

±O.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 (n-, 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 propqgation 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.

IV. 3. Electronics

Fig. 7 shows a block diagram of the electronics for the

(~-, 2h) experiment. The electronic set-up of the two

counters is symmetrie and therefore only the electronics

associated with the neutron counter (NC 1) has been

represented.
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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. NC1, LTPU=large tube PU, STPU=small tube PU, TL(R)=time
left (right), Ml=Master coinc. NC1, 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. Ouring this time both neutron

counters had to give a signal (so~called master

coincidences M1 and M2) in order to indicate a valid

event. In this case, the central coincidence (CC) would

be open and via the so-called delayed coincidences (01

and 02) 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 quantities 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 patte~n

of all big and small tubes with a signal, the pulse

height of C 111, 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 POP 8L computer read out the CAMAC crate and

transferred the information into a buffer. 31 events

were written on magnetic tape as one block. Ouring 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 cf 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 achie~e the desired high resolution in

excitation energy, the time resolution 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

fra~tion 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 resulting "walk-curves" were

incorporated intothe 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.
x

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,

(PHleft·PHright)0.5, is independent of the position.

Therefore, in the course of data analysis a software

pulse height threshold was set on that quantity.

This threshold was in general 4-5 MeV electrons equivalent

and was checked to be higher thanthe hardware threshold

of the discriminators. 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 pa~ticles trigger in any case the first layer of

rods in the counter.
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Apart from the neutron counter efficiency, the qata

had to be corrected for geometrical acceptance. By this

we me~n 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 prbgram this

dependence was determined and used for data evaluation.

Unless stated otherwise all distributions shown are

corrected for this geomet~ical acceptance.

Events with at least one low energy neutron, i. e.

E < 12-15 MeV, were rejected; the same applies for
n

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 E > 12-15 MeV
n

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 'dis~ributions are in general divided

by the three-body phase space factor (see 11. 8.) and

thus represent the dependence of the matrix element on q.

For q > q' (see 11. 4.) the restriction in phase space

due to the geometry has been taken into account. For the

8-distributions q has been integrated up to q = q' .

The errors given are statistical errors that take into

account the event by event correction factor for counter

efficiency and geometrical acceptance as weIl as the

number of events. The estimated error for the quoted

absolute rates is ±~~ %. 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. 6Li

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 scatte-ring reactions,

such as (p, pd) [18,41], (p, pa) [42], Cd, 2d) [43],

Cd, da) [44,45], (a,2a) [46,47] and also quasi-free

electron scattering [48], that the a-d cluster structure

is an important part of ~he 6Li g. s. configuration. In

:this picture the separation energy of a deuteron in 6Li

i5 only 1.47 MeV, which means that the'two clusters are

on the average rather separated in .space. Therefore,

the quasi~free description of TI-absorption is expected

to work weIl in this case.

b) Due to the large number of investigations, the 6Li

wave function is fairly weIl known which is important

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-shetl nucleons is

expected which leads to highly excited states of tpe
. 4

residual. nucleus He.

e) The distortion effects on these. ejected s-shell

nucleons should be less important than in heavier

nuclei.

Several authors have so far inv~stigated experimentally

the 6Li (TI-, 2n) 4He 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 (TI+, 2p)

4He reaction wasstudied with a significantly better

resolution [8,9,10], using TI+ of 31 to 76 MeV kinetic

energy. The'excitation energy distributions were dominated

by two large peaks, a narrow one centered at 0 MeV and

cor~esponding to the transition leaving 4H; in its ground

state, and a much wider peak between 20 and 40 MeV

excitation energy.

Our measured excitation energy spectrum in shown in

Fiq. 8. It is in very good agreement with the aforemen

tioned (TI+, 2p) results. For the first time in a (TI, 2N)

experiment the peak between 20 and 40 MeV provides indi

cations of fine structure. It, obviously, consists of
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several of the known excited states [49] 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 4He 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-2
-1 -1 -2s p and s .

In a cluster model description the gr~und 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 n~cleon 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 q > 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 (n-, 2n) experiment of Calligaris et al. [6]

and with the (n+, 2p) results given ~n Refs. 9 and 10. It

can be explained by the different separation energies of

the two regions; see Chapter 11. 5. and Ref. 18.

Fig. 9 shows a derisity distribution as a function of

the two neutron energi~s. The line of events corresponding

to the ground state transition can be easily localized.
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The data shown in this figureare raw data, i. e. not

corrected for ~fficiency 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"

quickly. 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 relative

angular momentum between the a-and d-cluster in "6 Li

is known to be L = O. Then the quasi-deuteron must

be in the 3S1 state in order to give the correct 6Li

spin J 6 = 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 q = 0 MeV/c. The very

narrow wldth (HWHM ~ 45 MeV/c) is due to the small

separation energy of the two nucleons. This momentum

distribution reflect~ the motion of the c.m. of the

twb p-shell nucleons ("deuteron-cluster") in the 6Li

nucleus. Similar q-distributions have been obtained by

several of the already.cited quasi-free scattering

reactions (see Refs. 4"5, 47, 48, 50-53). A summaryof

the measured widths of these distributions can be

found in Ref. 45.
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Gur value for the half width at half maximum (HWHM)

of the q-distribution is in good agreement with the
+(TI , 2p) results [9,10]. Probably beeause of worse

resolution the value from a previous (TI-, 2n) experiment

[6] is slightly higher than ours. In general, the widths

resulting from pion absorption are larg~r than those

from (x, xy) quasi-freeseattering experiments.

In this eontext it has to be mentioned that in ease

of pion absorption.the relative motion of the two nueleons

modifies the measured reeoil momentum distribution [18].

For the other reaetions, like (p, pd) or (d, 2d), the

quasi-deuteron stays a deuteron, whereas in the (TI, 2N)

reaetion the TI + "d" + 2N proeess i ts.elf affeets the q

distribution.

Inelusion of the relative motion of the two nueleons

(see Chapter II. 5.) makes the reeoil momentum distri

butions broader. Also the distortion ean affeet the

q-distributions differently for the various reaetions.

In Fig. 11 we show again the measured q-di~tribution

for the transition to the 4He ground state together with

some theoretieal eurves. The solid eurve, taken from

Ref. 18, is the Fourier transform squared of a 28 wave

function in a square well potential. It was ealeulated

with eut~off approximation and taking into aeeount the

relative motion and the separation energy for 6Li + 4He +

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

The dashed eurve is the eorresponding 28 eurve for a

harmonie oseillator potential [10,33] negleeting the

relative motion of the two nucleons:
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2
(1 - 3 . exp

With

The parameter qo is related to the harmonie oseillator

length parameter r O whieh has been taken aeeording to the

r.m.s. radius obtained by eleetron seattering data [62].

2 t 2
qo = ~ ~ , r O = 1.92 fm (eorresponding to an

r O

r.m.s. radius of 2.6 fm, see Ref. 62) and the redueed

mass of the two nueleons and the residual 4He ~ ~ ~ m3 n
one obtains qo = 118.7 MeV/e. The eurve, however, is too

wide to fit the data.

By ehanging the parameter qo to qo = 92.4 MeV/e a

better fit ean be obtained; it is displayed as the dot

dashed eurve. But this qo leads to an r.m.s. radius of

3.34 fm in elear disagreement with the eleetron seattering

data.

Beeause of the extremely low separationenergy of the

two p-shell nueleons in 6Li the eorreet asymptotie

behavior of the wave funetion of their e.m. is very

important. Therefore, the square well potential gives

a mueh better reproduetion of the data than the harmonie

oseillator potential.

The 8-distribution for the ground state transition,

also shown in Fig. 10, is independent of 8. We know that

L. = 0 and if we assume the validity of Koltun's rule
1

ßL = 0 (see Chapter II. 7.) we get L
f

= 0 and with that

the measured 8-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 180 0 , thus proving the dominance of the quasi

free reactionmechanism.

Our 6Li w-distribution integrated over all excitation

energies, also shown in Fig. 12, is considerably narrower

than the one obtained by Nordberg et ale [5], HWHM ~ 90

compared to ~200. 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

TI-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 a-d model of 6Li
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and also assurne S-absorption. They do notinclude

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, 6onsists.of a rather narrow

symmetrie peak 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 q-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 q = 0 as is explained in Chapter 11. 2.

As a summary forthe 6Li (~-, 2n) 4 He transition
g.s.

it can be said that all distributions indicate 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 q-

and w-distributions. This indicates that the effects of

distortions and NN final state interactions can not be

important.
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4. . dHe exclte states

+ .
In good agreement with previous (TI", 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
3 + 20.6 MeVHe n

d + d 23.9 MeV

d + n + p 26. 1 MeV

2n + 2p 28.3 MeV

An interesting question is whether and how much

absorption occ,urs on pairs where one nucleon comes fram

the a-cluster (s-shell) and the other nucleon from the

d-cluster (p-shell) ~ Thismight lead td the final states

t + P or 3He + n mentioned above and would result in a

negative parity final state (see al~o Chapter 11. 5.).

The corresponding excitation energies are expected to

be lower than for the case of both absorbing nucleons

from the a-cluster, i. e. s2-removal.

The fol'lowing :ls a simple argument against s 1p 1-removal.

Because of the low d-a separation energy 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 "d" and one from

the "a" to absorb the pion. This consideration is con

sistent with the result of the cluster model calculation

by Golovanova'and Zelenskaya [23]. They predict a ratio
2 1 1 2of 1: 0.2: 1 .5 for p. : s p : s removal.
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With a sufficiently good resolution orte can hope to

resolve the individual excited levels of 4He and then
1 1draw a conclusion from the parity with respect to s p -

2or s -removal. However, our experiment cannot distin-

guish between these two cases; but we do observe a

relatively weak population of the first two excited
+ -levels (20.1 MeV, 0 , 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
+ + +

(~ 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. s1 p 1_

removal. One example is the apparent structure around

30 MeV.

In any case our excitation spectrum 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 spec~rum than

the cluster model does because it gives too much

strength around E = 20 MeV .. x

In another calculation by Kopaleishvili and Machabeli

[34] for the process (TI-, ~N) on 6Li special attention

. was paid to the re~cattering effect (see Chapter 111.).

The calculation was carried out for absorption from the

atomic 1S-orbit and within the shell model. In their

model it turns out that s2-removal is negligible compared

with s1p1-removal and therefore their detailed excitation

energy prediction shows only negative ·parity excited
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states of 4He . It is, however, incorisistentwith the

known level scheme of 4He [49].

+Burman and Nordberg [8] interpreted their (TI , 2p)

results in terms of preferential.excitation of T = 1

negative paritylevels. But at that time no positive

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

In principle the measured q-distributions for the

events with high excitatiön energies should help in

clarifying the open questions concerning s-1 p -1 and

s-2 probabilities. 8everal of such q-distributions are

shown in Figs. 10 and 15. Obviously, all of them are

much wider than the ground state q-distribution but

they all seem to have the maximum at q = 0, indicating

at least an important L = 0 component. For s2-removal

a wide distribution is expected due to 18 motion. For

s1p1-removal and li = 0, however, it should be 1P with

a minimum at q = 0, which is not observed. Of course,

in this case also 18 x 1p is allowed but this would

mean 1.=1 andit is not clear if the spatial correlation
1. ,

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
-2high excitation energies is a major s part plus some

-1 -1 -1 -1spin the 18 x 1p configuration and some s p

with 1P x 1s where the distortion or other effects

have filled the minimum at q = O.

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

with excitation energtes between 23.5 MeV and 28 MeV
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together with a theoretical calculation by 8akamoto et

al. [18] for the positive parity state around 26 MeV.

The curve was calculated for a square weil 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

trans form cf the 18 wave function of the c.m..of the two

nucleons. From several calculated curves by 8akamoto 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 156]calculated a q-distribution

corresponding to high excitation energies, assuming the

process to result in 2n + 2d. However, the resulting

distribution is wider thanany of our distributions up

to E ~36 MeV.x

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 1800 but it is much

wider than the ground state distribution. This, of course,

is related to the wioer q-distributions and can also be

due to more distortions for the nucleons from the inner

shell.

Also the E -distributions are much wider than for then
ground state and the p-distributions change in the same

way, which is expected on the basis of the wider q-distri

butions.
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As a summary of the high excitation energy events in

the 6Li (rr-, 2n) 4He reaction it can be said that in the

shell model picture both s1 p 1 and s2-removal very likely

playa 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 descripti.ons of 6Li give a

better qualitative agreement between 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 weil known cluster properties of 6Li .
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v. 2. 7Li

In severalrespects 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 (a, 2a) [47], the 7Li ground state configuration

is expected to be fairly well described by an a-t system

with relative angular momentum L = 1. The triton spin

St = ~ couples with this L = f to give the 7Li ground

state spin ~.

The following is an interesting aspect regarding 7Li .

In the triton of the a-t system we have one np-pair with

antiparallel and one with parallel spin. Removing the pair

in the antiparallel 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 residualstates 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 = O.

In previous measurements 7Li was used as target by Davies

et al. [4] and Nordberg et al. [5] for the (n-, 2n)
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'reaction and by Favier et al. [9] for (n+, 2p). Al~o
3for the study of the two-nucleon transfer (p, He)

reaction 7Li was used [58].

Fig. 18 shows the excitation energy spectra measured

by us together with the few levels known of' 5He , all of

which being particle unstable. Obviously the ground and

first excited states are populated. According to Ref.
1- 1

49 the first excited state (2' T = 2) is centered around

4 MeV with a natural width of 4 MeV, whereas the ground
3- 1

state (2' T = 2) has a width of 0.6 MeV. Then we observe

considerable excitation from ~12 MeV extending to beyond

40 MeV. The general shape of the spectrum is rather

similar to the 6Li case but the two dominating structures

overlap more in 7Li. The two previous 7Li (n-, 2n) 5He

measurements either show~d 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

(n+, 2p) [9], except that the (n+, 2p) result contains

relatively more at higher excitation energies. This is

true for the distribution integrated over all recoil

momenta as weIl 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 absorption is of some

importance. if weassume 1. = Q and Koltun~s rule AL = 0,
1

the selection rules of Chapter 11. 7. show that the T = 1

corttribution to this transition must h~ve 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 weIl as the one to the first excited

state of 5He , should have a45 % L = 2 component, the

rest being L = O. The q-distributions we measured for

these transitions, shown in Fig. 19, are somewhat biased

due to the geometry (w > 1550 ) and therefore L =·0 will

dominate. Both distributions have their maximum at' q = O.

The analogous (n+, 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 q-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 8-dependence,

give a hint of transitioris which are not exclus~vely

L. = 0, ßL = O. The wider q-distribution of the 5He
1 4

ground state as compared to the· He ground state reflects

the higher deuteron binding energy: 9~7 MeV in 7Li ,

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 thanthe corresponding 6Li

distributions.

Jain and Banerjee [55] calculated the q- and w
distributions for 7Li (n-, 2n) 5He and low excitation

energies. As in 6Li the q-distribution predicted by

these authors is too wide to be compatible with our data,

but for 7Li the w-distribution fits rather weIl. This is

shown in Fig. 21.
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With respect to the events at high excitation energy,, .

corresponding to the removal of at least one s-shell

nucleon, Golovanova and Zelenskaya [23] predict a strong

peak ·at 20 MeV for s2-removal. Again, like in 6Li , the

contribution from s1p1-removal should be negligible. The

spectrum we observed, see Fig. 18, agrees with the

predicted position of the strong peak. A problem arises

when the positive parity of the 5He levels [49] at 16.8

MeV and 19.9 MeV is considered. As 7Li has a negative

parity, populatiqn 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 surrounding 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 cortclusions 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

syste~ in relative S-motion and that it was observed in
3 .

a (p, He) reaction [58].

Kopaleishvili and Machabeli [34] in their investigation

of the rescattering effect predict many excited states to

be reached by s1p1-removal 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 q-distributions we measured for the events

characterized by high excitat~on energies, Fig. 22 r

generally reveal a maximum close to q = O. Some. of them

also indicate admixtures of L ~ O. We do not observe

a q-distribution that would be immediately interpreted

as L = 1 and thus be consistent with s1p1-removal. Again

there are three points to be considered in this context.

First, the geometry (w > 1550 ) favored L = O. 8econd, the.

combination 18 x 1p is theoretically possible for s1p1~

removal. This would result in a q~distribution with a

maximum at q = O. Third, distortion and other final

state interaction effects can modify a possible L = 1

q-distributiön. However, we do not believe that these

things havesuch a drastic influence on the q-distributions.

On the basis of these arguments it is clear that only

experiments covering a wider w-range and with still better

resolution can finally clarify the open questions

concerning s1p1-removal. Al~o a more refined theory,

particularly on q-distributions, would help.

Part of the 8-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 + L
f

= O.1 .

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 then
characteristics of the quasi-free reaction mechanism become

less pronounced the higher the excitation energy iso

This is expected since non-quasi-free events, like break

up into several particles, will be located at high

excitation energies.



-76-

q - distributions 9 - distributions

T t18.5< Ex < 21.3

j t j! !+++•• •• t t
+• t+

+•
•

21.3<E x<24 !Ht+ +f1+++++++ t +
111 +++

ttt...
++ Itc:

::J +1
>.
~

Cl
~...

111
.D ~

11 1
~ c:
Cl 24<E <27 ::J

1 x >...... ~

11 tlliH
~

f+ +++
Cl
~0 ......

:Du

+ .+ +'+ fCl ~- Cl
GI

+ ••+++t t+ CDu
Cl 111
a. + 0
111 U

GI ~

t-111 Q:Cl
+ 28 <Ex <37 ~..c

" ++++++
a.

f+ +'-"- + ++
+ +er ++++ +

~ ++ +H++,.-Q:
~

'-"

HH!!HHjjH
43<Ex<48

jljH!! !
1 ++

......
<2......

0 100 200 0 0.5 1.0
q (MeV1c) Icos 91

\i(n-,nn) 5 He

Fig. 22: q- and e-distributions for different regions in excitation
energy of 5He .



-77-

3 160V. •

The 160 data shown here are of particular interest and

importance because a wider range in opening angles w

and hence also in recoil momenta q has been covered. Two

independent measurements were performed, one with a 5.8 m

flight path and w > 1550 and one wi th 4.5 m and 1250 < w <

1600 • They will be referred to as measurements I and 11,

respectively. In both cases a D20 target was used and

the monoenergetic neutrons of En = 68 MeV from the deuteron

absorption could be used as an additional check of the

energy calibration.

In previous (n-, 2n) measurements 160 was used as a

target only by Nordberg et ale [5] and no excitation

spectrum was shown. Both major (n+, 2p) experiments,

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

respectively, reported results on 160 .

Fig. 23 shows our results from measurement I as a density

dist~ibution, depending on the t~o 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 [J5,16]. The excitation spectrum

integrated over all re90i~~omenta is dominated by a peak

around 4 MeV. There i8 ~rd& an indication of the transition
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to the ground state (0 MeV), some structure around 11 MeV,

and a possible peak at 18 MeV.

3.9 MeV level

The dominating peak at 4 MeV can be easily interpreted

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

14N. This attribution is confirmed by the results of two

(rr-, 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 these transitions and so our result

agrees with the c.f.p. predict~ons in that point.

Also the corresponding q-distribution, shown in Fig.,
25, has its maximum at q = 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 (rr-, y) measurement of Ref. 6.0 [61]

where the recoil momenturn distribution was calculated from

the observed Doppler-broadening of the corresponding y-ray.

The curve fromthe (rr-, y) results of Ref. 61 is slightly

broader (HWHM ~105 MeV/c) than the one measured in this

(rr-, 2n) experiment,the HWHMibe~ng a~out 85 MeV/c. However,

considering the completely'diff~rent:methbdsof the two

experiments, the qualitative agreement is rather satisfactory.

Both distributions are considerably narrower than that

obtained by Kossler et ale [59], which was also calculated

from the observed Doppler-broadening of the y-ray with a

HWHM of ~140 MeV/c.
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Fig. 26 also shows two theoretical eurves. One is the

absolute value squared of the Fourier transform of a 28

(N = 1, L = 0) wave funetion ealeulated for a harmonie

oseillator potential [10,33]:

(1- 2
3

exp.

qo is related to the harmonie oseillator length parameter

r O = ( ~w )0.5 by the express~on qoro = t.

r O is related to the nuelear r.m.s. radius and has been

taken from eleetron seattering data [62]: r O = 1~76 fm.

In our ease ~ has to be replaeed by l-l, "'w... redueed.mass

of a deuteron and of the remaining 14N, l-l ~ 1.75 ~, and

r Ü has to be ehanged aeeordingly. In this way we obtained

a value for the parameter qoof qo = 148.4 MeV/e and using

qo the solid eurve in Fig. 26 was ealeulated. Up to about

100 MeV/e the agreement between the ealeulated eurve and

the experimental result is surprisingly good if one

eonsiders 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 q can be due to admixtures

from surrounding A = 2 levels in the relatively wide window

2 ~ EX ~ 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 q-distribution,

presumably to the most signitieant extent for high recoil

momenta.
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The seeond ealeulated eurve in Fig. 26 is a 28 Fourier

transform squared for a square weil potential [63]

§ 2

I 1

2 (eos qR + q sin qR)
~28(q) = eonst. 2 22 2 22

(a -q) . (ß +q )

For R, the joining point of the interior (spherieal Bessel

fuetion) and exterior solutions (spherieal Hankel funetion)

we seleeted R = 3.5 fm (~1.4 A 1/3). ß ls eonneeted with

the binding energy of the pair [64]

_ .J2"ii1TBl + Ex) - 1
ß - 11~ = 1.51 fm ,

~ being the same redueed mass as before. a fixes the energy

eigenvalue and is obtained by graphieal or numerial solution

from [64] aR eot (aR) = -ßR.

For the 28 state we obtain a = 1.5656 fm- 1 .

It is elear from Fig.26 that the square weil solution

with these parameters gives a poorer fit to our data than

the harmonie oseillator solution. The ealeulated wiJth

is narrower than the experimental one whieh may be due to

negleeting the eontribution of the relative motion of the

two nueleons (see diseussion of 6Li q-distribution and

Ref. 18).

It should be mentioned that the q-distribution measured

by us is in good agreement with the (n+, 2p) result shown

in Arthur's report [10].

The e-distribution for the transition diseussed here is

shown in Fig. 25 and is eonsistent with a ßL = 0, L. = L
1 f

= 0 ease in agreement with Koltun's seleetion rule.
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The w-distribution, Fig. 27, is the result of joining

the curves from the two measurements. It exhibits a clear

peak at 180 0 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 =

1250 is rather small. Dur total absolute rate for w >

1250 and 1 § Ex ~ 7 is 2.5 ± ~:~5 % per stopped pion.

This value +ies between the two reported values from the

(TI-, y) measurements, 1.8 % [59] and 4.8 ± 0.9 % [60].

Dther levels at low excitation energy

Apart from the 3.9 MeV transition Cohen and Kurath [15]

predict only one other A = 0 ~ransition to the first
+ -excited state at 2.3 MeV (0 , T= 1). From the (TI , 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], wi th almost exactly

the same strength as the 3.9 MeV level. In our excitation

energy spectrum of measurement I and without restrietion

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 q ( q > 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 q ~ 350 MeV/c and thus emphasized much more the ~ = 2

transitions.

The q-distribution of the ground 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, considerably 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 imP9rtance.

The w-distribution for the ground state events, shown

in Fig. 27, exhibits a clear 1800 correlation.

The excitation spectrum of measurement II, shown in

Fig. 28, shows that the dip between the peak at 4 MeV

and the str~cture around 11 MeV is filled, ·indicating

possible excitation around 7 MeV. This would be in

agreemertt with a ebhen and Kurath [15] prediction of a

strong A = 2, T = 0 transition to an excitation energy

of 7 MeV. In this context it should be mentioned that

according to both (n-, y) measurements [59~60] the level

at 5.1 MeV (2 , T = O),.which would be a possible

candidate, is on~y weakly populated.

The most obvious difference between the excitation

spectra of the two measurements, Figs. 24 and 28, is

the much higher yield around 11 MeV found in measurement

II. 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 ofq a strong A = 2 contribution can be assigned
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tothese 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 q-distribution for this excitation energy region,

shown in Fig. 25, has its maximum at q = 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 vicin~ty, we may observ~

a 18 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 11, are given

separately. The neutron energy spectra showasymmetrie

peak whichbecomes slightly broader in the case of

measurementII (smaller angles w).

According to Fig. 2 in Chapter 11, one expects the

relative momentum distributions to be located at smaller

p for smaller w (increased q). For an equal window in q

and increasing average q the p-distributions should also

become broader. These features are weIl established by

our experimental results; see Fig. 30.

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

preference is less stringent for 160 . Therefore, it
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seems more appropriate than in case of the other target

nuclei to make a comparison 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. Lp. strength predic- (TI- ,2n) absolute rate per
A tion [15] stopped pion,w > 125 0 , E > 15 MeV

(predicted E ) (E -window) n
x x

0 2.7 3.6 MeV) 2.55 % ( 1 ~ E :;; 7)
0.45 % (-4 < EX < -1) *)

2 2.7 0.0 MeV) x

(T=1) 12. 7 9.5 MeV)

2 I 2.45 % ( 8 < E < 15 )x
(T=O) 6.6 (10. 15 MeV)

I

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·:;; E 5 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 trans i tion strength is suppressed

in the (rr-, 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 160 (TI-, 2n)
14N t'reac lon.

*) The nurnber of events in this E window has been doubled toget
the absolute rate. x
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This conclusion is consistent with the more tentative

result indicated in AppendixA on the general weakness

of!l. = 2 transitions in the nuclei 9Be , 10 B and 12c
where, however, the measurement was restricted to w>

145 0 .

In Appendix A ·a striking similarity is reported between

single and two-nucleon separation energies in 9Be , 10 B ,
12 14 . -C and N obtalned from (p, 2p) and (TI , 2n) measurements,

respectively. The most strongly populated two-hole states

seem to have aseparation 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 Es = Ex .+ .Mß - MA + md' MA and MB are the

masses of the target and residual nucleus. md is the mass
16 .

of the free deuteron. For 0 the most strongly populated

level in 14N at 3.9 MeV has aseparation energy of 24.7 MeV.

This value is weil in line with some of the strongly populated

levels in the other nuclei; see Fig. 11 in Appendix A.
16 15 .The 0 (p, 2p) N reactlon, on the other hand, has shown

two levels having' the same strong population at approxi

mately12 and 18.5 MeV separation energy [65], corresponding

to P1/2- and P3/2-removal, respectively. Scaling by the

factor 1.62yields our two-nucleon separation energy to lie

exactly in the middle between the two single-nucleon
1 1

were a P3/2 P1/2-removal. The
-1 -1

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 exeitation speetra of·measurement I,

Fig. 24, seem to show a peak whieh is, however, not

reprodueed by the result ofmeasurement 11, Fig. 28. A

eonfirmed peak at that position eould be assigned to a

Cohen and Kurath predietion for a A =2, T = 1 transition

[15]. Some additional strueture may also exist around

30 MeV exeitation energy as ean be seen in the speetrum

of measurement 11, Fig. 28.

The strueture at high exeitation energies immediately

leads to the question of the eontribution of quasi-free

2-nueleon proeesses aeeompanied by the emission of at least

one s-shell nueleon. A eomparison of the exeitation speetra

of the two measurements shows that the ratio of events with

E > 15 MeV to events with smaller Einereases with smallerx x
values of w. As wand q are eorrelated,.one eould take this

as an evidenee for the importanee of quasi-free proeesses

at high exeitation energies. For these proeesses the q

distribution will beeome broader with inereasing exeitation

energy and, eorrespondingly, the w-distributions will be

wider.

But also for non-quasi-free events, like emission of

several nueleons, rather wide or even isotropie w-distri

butions are expeeted. As these events result in a high

exeitation energy, they would also produee the effeet

indieated above.

Apart from some possible strueture around 30 MeV, the

data of measurement 11 show a rather striking exeitation

energy distribution if one restriets q 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 q ", 250 MeV/c,

also shown in Fig. 31, do not show such a broad maximum.

The spectrum decreases rathersmoothly with increasihg

excitation energy except for the possible peak ~round

30 MeV.

Comparison with other reactions and theory:

A comparison of our total excitation spectrum from
+ .

measurement I with the (TI , 2p) results [9,10] shows

qualitative 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 q-distributions for the low-excitation

energy region (around the 3.9 MeV level)" measured in our
+ .

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

Kopaleishvili et ale [21] made a theoretical prediction

of the excitation spectrum in the (TI-, 2n) reaction,

neglecting the distortions and taking the asymptotic

approximation for the final state NN interaction. None of

their excitation spectra displayed fits our data weIl.

Their prediction for S-absorption and q < 100 MeV/c can be

directly compared with our spectrum (Fig. 24, bottom) .

It clearly underestimates the con~ribution of the 3.9 MeV

level and predicts too much strength at 12 MeV and 18 MeV.
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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 predictio~s for S- and P-absorption

(both with q < 50 MeV/c) and the(n , y) result of

Kossler et ale [59] who, evidently, integr~ted 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

& ~ 20. Therefore, it would be interesting to have

corresponding theoretical predictions on theexcitation

energy, which are not restricted to q. < 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

and there was no restriction as regards q. For 160 a

comparison with our data yields that the theory gives

too little strength for the 3 ..9 MeV level relative to the

o MeV and 12 MeV regions.

Weber [67] carried out a three-body partial wave-analysis

in treating the final state of the (n-,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 160 .

other reactions that lead to the same residual nucleus

and can therefore be compared with the (n-, 2n) result are

the quasi-elastic deuteron knockout (p, pd) and the two

nucleon pickup reactions (d,.a) and (p, 3He ).
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In arecent measurement performed at E = 75 MeV the

16 0 (p, pd) 14N reaction [68] was investi~ated. The

resulting "excitationspectrum is similar to ours obtained

in measurement I. The 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 measuremerit was performed

"for small recoil momenta in the vicinity of q = O. 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 stäte

implies much less freedom in the range of q which can be

studied.

Fleming et ale [66] have measured the 160 (p,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

comparison between their measured angular distribution and

a DWBA calculation confirmed 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. ~he (p,3He ) result mentioned also reveals

considerable excitation in the region 9-11 MeV, which

is similar to our result.

3In another more recent (p, He) measurement performed

~y Hoot et ale [69] at Ep = 40 MeV only transitions
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leading to the ground, first and second exciterl states·

were investigated. For the 3.95 MeV level these data seem

to indicate the presence of a much stronger L = 2

component than is given by the c.f.p. calculation. We

have. no supporting indication.

The 160 (d,a)14N result found by van der Woude and de

Meijer [70] at Ed = 40 MeV shows high yields at excitation

energies of 0, 3.95, 7.06 and 11.04 MeV. 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 weIl as with the interpretation of

our data.

9 10· 12cV. 4. Be, B,

~esults 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. 14N

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

In connection with the comparison of single nucleon- and

t I t · . 14N · t' d' A d'wo-nuc eon separa lon energles lS men lone ln ppen lX

A too. Some additional remarks are presented below.

The first concerns the absolute rates which are not

given

state
7+4 %
-2

in Ref. 71. For the transition to the first excited

in 12C at 4.44 MeV (0 ~ E < 7) we obtain a rate of
x

per stopped pion. This is in agreement with a result
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published.reeently of a (TI ,y) measurement [72] quoting

a rough estimate of 10 ± 5 %. On aeeount of our restrietion

w > 1450 we missed a small number of events.

The same (TI-,y) measurement [72] has ·yielded the reeoil

momentum distribution for the transition to the first
1"2 .

exeited state of C at 4.44 MeV. It was ealeulated from

the observed Doppler-broadening of the eorresponding

deeay y-ray. The HWHM of their eurve of about 165 MeV/e is

signifieantly larger than ours, see Ref. 71. A similar ease
. 16 . - 14of d1serepaney oeeurs for the O(TI ,2n) N3 . 9 transition,

see V. 3. No explanation ean be reeognized for the time

being.

In Fig. 32 we show again the measured q-distribution
14 - 12 .

for the N(TI ,2n) C4 . 44 transition. It lS eompared with

some theoretieal eurves based on a simple model. The

expressions for the 28 Fourier transforms squared for the

harmonie oseillator (HO) and the square well (8W) poten

tials were given in V. 3. in eonneetion with the 160 (TI-,
14

2n) N3 . 9 transition. Here we also inelude the 18 funetion

in ease of the HO potential. We Used the following para-
14 - 12meters for the. N(TI ,2n) C4 . 44 transition. For the

square well funetion we use:

R = 3.5 fm, a = 1.5339 fm- 1 , ß = 1.1813 fm- 1 , .~ = 1607.7 Mev/e 2 .

For the harmonie oseillator funetions we have taken r O from

eleetron seatte~ing data [62], i O = 1.67 fm, resulting in

qo = 154.7 MeV/e for the Fourier transform. The redueed

mass ~ has been taken into aeeount.
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or 2S motion of the c.m. of the two nucleons. They have been
calculated for a square weIl potential (SW) as weIl as for a
harmonic oscillator (HO). See also text.

Both 28 funetions are mueh too narrow to reproduee our data.

The measured distribution is elearly wider than that of the

3.9 MeV level in 14N, despite aseparation energy smaller

by 10 MeV.

The harmonie oseillator 18 momentum distribution, also shown

in Fig. 32, is simply proportional to exp (_q2/q~) with the

same qo as above (related to eleetron seattering data). It
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fits the data surprisingly weil. Assuming that this

agreement is not fortuitous, it would mean a relative

2s motion of the pair; s~e 11. 5. This, however, is

somewhat unexpected because high relative momenta p are

favored in this process and this 28 implies a smaller

average p between the two nucleons than the 28 x 1s

case. Also the latter se~msto be the favorite case;

see the transitions to 4He or 14N and the con-
g.s. 3.9

clusions reached in Appendix A.
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VI. SUMMARY AND· CONCLUSIONS

Results have been reported on the first systematic,

kinematically complete (rr-,2n) measurement covering the

most important nuclei of the 1p-shell with statistics

and energy resolution comparable to or better than

available (rr+,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 nuc.leus. This has been demonstrated by

many distributions in several different variables, like

neutron energy, recoil momentum or angle spann~d by the

two neutron momenta. Distributions in relative mo~entum

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 presenteq for the first time.

The structure observed at low excitation energies

c6uld be attributed to known levelsor groups~6flevels. In

general, the predictions for two nucleon removal according

to existing c.f.p. calculat~ons agree rather weIl with

the data as far as the predicted excitation energies are

concerned .

. When comparing the experimental rates for specific

transitions with the magnitudesof 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 geometry has to be takeninto account. Most of the data,

but especially those from 160 where the usual geometrical

restrietion imposed on large recoil momenta has been

bypassed by an additional.measurement, indicate a con

siderably smaller .~ : ~ ratio of the rates than predicted

by the c.f.p. calculation by Cohen and Kurath.

The measurement made with 160 as the target nucleus and

with opening angles 1250 ~ w'~ 1600 showed an excitation

spectrum quite different from the 'normal' case of back

to-back emission. It contains valuable information on

A f 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

tion of deep lying two-hole states (s1 p 1_ and s2-removal)

reached in a direct quasi-free reaction. For 6Li and 7Li

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

for 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 isotropie distribution in angle

w for these non quasi-free events, the measured absolute

rates in our w-range are too big to b~ 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 abso~ption 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 q-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 absorp

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

leading to the first excited state of 12c at 4.44 MeV

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

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

low E A = 0 trans i tions.
x

Except for 14N, comparisonof our excitation spectra

with the corresponding (TI+,2p) results yields good agree

ment within experimental uncertainties. This indicates a

very similar reaction mechanism. The two reactions are
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transitions as a function of the pair separation energy.

connected via charge symrnetry. 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 TI+ are in flight whereas the TI are

stopped and absorbed from the atomic orbit. This should

have an influence on the transitions observed. Second, the

mean free path of the pion decreases quite rapidly with

increasing pion energy (at least for E S 100 MeV).
+ TI

Therefore, TI -absorption should be more a surface pheno-

menon than TI--absorption. Different parts of the 2-nucleon
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wave function should be selected and this in turn would

affect the q-distributions measured. Also the excitation

spectrum might be influenced. Evidently, differences can

be expected already for the TI data, depending on whether

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

More detailed measurements could perhaps reveal· differences
+ -between (TI ,2p) and (TI ,2n).

Apart from the special cases of the cluster-type nuclei

6Li and 7Li 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 found

between these two-hole separation energies and the sepa

ration energies of the strongly populated single-hole

states reached by (p,2p) reactions. From this. we conclude

that the two nucleons selected by the pion are in a closely

correlated state in the sense of adefinite overlap of

their wave functions. It does not necessarily imply short

range correlations in the usual sense.
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1. 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 completedeter

minatiön of the kinematical properties for the absorbing pair. This offers an

excelTent opportunity to study separation energies, momentum distributions, and

a~gular momenta of the two nucleons involved
1
). Su~h experiments are also ex

pected to yield information about thenNN interaction itself, and its dependence

on the different quantum states of the NN-combinationS inside nuclei.

The theor~tical 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 n~cleons in the initial state; b) the

interaction between three and more partic1es in the fina~ st~te; c) a proper

description of the pion absorption dynamics; and, d) realistic wave functions

for the absorbing nuc1eus. So far on1y two published ca1cu1ations include (a),

(b), and (c). They differ in tbe approach to the final state. While Morris and

Weber
2

) use the coup1ed channe1 method with rea1istic interactions, Garci1azo

and Eisenberg
3

) solve the Faddeev equation with separab1e potentials. However,
\

experimenta11y observable features such as excitation spectr~ of residual nuc1ei

and momentum distributi~ns are strong1y inf1uenced by (d). Consequent1y our data

will be compared with calcu1ations using more "realistic nuc1ear"wave func"tions.

We use results of Kopa1eishvi1i et a1.
4

) who consider on1y the nuc1eon-nuc1eon
I

interaction in the final state, but inc1ude (c) and (d). In addition, we use

the tabulated coefficients of fractiona1 parentage (c.f.p.) for the two-nuc1eon

removal of Cohen and Kurath
5

) (CK) and ofBa1ashov et a1.
6

) (BBR).

On the experimental side, the results with best energy resolution unti1 re-
. + 7,8)

cently could be obtained w~th (n ,2p) measurements • In most cases, however,

the insufficient energy resolution or inadequate statistics hampered the identi

fication of the discrete final states. The resolution of the "existing (n-,Zn)

measurements
9 ,lO) "" (" + ")was at least a factor of 3 10wer than that of the n ,2p ex-

periments. Owing to charge symmetry (n-,2n) .and (n+,2p)reactions should lead

to identica1 states in the same residual nuc1eusif the quasi-free mechanism is

the dominant one and if the kinematica1 conditions are identica1 for both experi

ments. The 1atter condition is not fulfilled a pT'ioT'i, since (n+,2p.) studies are

performed with pions in f1ight, whi1e in (n-,2n) experiments pion absorption occurs

"at rest". This causes a difference not on1y in pion energy but possib1y also

in the pion angular momentum relative to the nuc1eon pair. A comparison between

(n+,2p) and (n-,2n) measurements with equiva1ent accuracy can therefore test the

basic assumptions on the mechanism, and also investigate the inf1uence 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 al ready reported for the

target 1"N 11).

In the (TI'" ,2n) reactions on lp-shell nuelei, strongpe~ o_bserved in the

excitation spectra for the residual nuclei are so far mainly attributed to nucleon

removal from the p-shell. Only for the lithium targ~ts has a large contribution
... 7,10,12). h 'hlfrom the s-shell nucleons also been ldentlfled . EVldence for t e two- 0 e

states in the p-shell and, separately, in the, s-shell was reported in the reaction

12C(TI-,2n)10 B 9). However, the peak due to the holes in the s-shell was not ob

served in an experiment with higher resolution on the analogous (TI+,2p) reaction
7
).

In our experiment we use large-a~ea p~sition-sensitiveneutron counters with

subnanosecond time resolution. They allow the study of the (TI-,2n) reaction with
• 13) , •• (+ )energy resolutlon comparable to or better than that of the, eXl.stl.ng TI ,2p

data. At the same time, these counters offer rather large solid angles. The

targets 9 Be , lOB, and 12 C were used to search systematically fo~ the evidence of

the inner shell absorption in the nuclei elose to thelithium isotopes. Where

possible, we have made comparisons with existing (TI+,2p) data and with theoretical

predictions.

2. CONCEPTS RELEVANT FOR DATA INTERPRETATION

form a complete set of variables to

the 8 distributions has been pointeddescribe the kinemati~s.

1" )out by Koltun .

Figure I shows the kinematical variables which are used. , In the case of

the absorption of stopped TI followed by a three-body disintegration, there are

three independent variables. For a given excitation energy of the ~esidual

"

nucleus E , p, and q are related by the energy conservation. So 'the combinations
x

like q and w, or q and 8, together with E ,
x

The importarice of

In the quasi-free description of the (TI-,2n) reaction; we assurne that the

pion is absorbed by a neutrOn-proton pair in the target. In the initial state,

the angular momentum of the cent re of mass of the pair and of each nucleon with

respect to the centre of mass of thetarget, are. L, !/,1, and !/,2, respectively.

The total angular momentum A is written as A = !/,1+!/,2 = L+!/', where !/, denotes the

relative angular momentum of the nucleons.

In the following we assume that the pfon is mainly absorbed by a pair in

relative s-state, Le. !/, = 0, and we have L = A. For p2 removal, Le. for the

removal of two nucleons:,from the p-shell, we have !/,1 = !/,2 = land therefore L = 0

or 2, and in both cases the parity of the residual state is the sameas that of

the target. It should be noted that the n-p pair can be in a spin triplet, iso

spin singlet, or aspin singlet, isospin triplet state. For L = 0 the energy
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conservation in the shellmodel allows the admixture of the following two com

binations:

a) 28 (,N'= 1, L

b) 18 (,N'= 0, L

0) x ls (n

0). x 2s (n

0, f/.,

1, f/.,

0)

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

(n,2N) reactions, (b) is suppressed in the case of two-nucleort transfer or quasi

fr~e deuteron knockout reactions, because the remov~d nucleon pair is not in the

lowest energy state. For A = 2, under the assumption of f/., = 0, there is only one

combination possible:

is

c) lD (,N'= 0, L = 2) x ls Cn

For the removal of an s-p pair, we have L

0, f/., = 0) *) .

1, and the possible combination

'e) lP (,N'= 0, L = 1) x ls (n = 0, f/., = 0) •

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

For the removal of an S2 pair, we have L = '0, and the only possible comhination

is:

f) 18 (Jf= 0, L = 0) x ls (n = 0, f/., = 0) •

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

The q-distribution for a given residual state is dominated by Land,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 measure~ q-distributions

for different n-p pairs with similar separation energies. They are compared with

simplified calculations for diffe,rent..N' !lnd L carried out with a sq4are weIl

potential, and the corresponding separation energies. It shou~d be mentioned that

for the case of L= 0, the width of the distribution is dominated by the separa-

.tion energy cf 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), 18 (,N'='O, L =,0) x'ld (n = 0,
f/., = 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°, anrl hence small q is favoured. Levels correspondingto L # 0

(especially to L = 2) transitions are therefore suppressed in the excitation

spectra. In the case of A = 2 transitions, component (d) involving lS may

become more important. However, as lS also shows a wide q-distribution, we

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

ii) The shape of the q-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 smallq for L # 0, and the width becomes smaller

for L = 0 15).

If the process is domina ted by short-range correlations, the large-p components

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.

3. EXPERIMENTAL SET-UP AND DATA HANDLING

Negative pions of 70 MeV from the CERN Synchro-cyclotron (SC) low-energy 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 scinfillators.

The pion stop trigger was obtained from counters land 11 before the,degrader,

counter 111 and the hodoscope, between the degrader and the target, in coincidence,

and counter V in anticoincidence. Counter 11, 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 start 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 counter 111 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 scin

tillator of 0.5 mm thickness; it enabled us to reject those pions which stopped

in the hodoscope.

The two outgoing neutrons were rletected 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 2m 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 bun"dles 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 assemb1ed as indicated in Fig. 3.
, , ,16)

The development and test1ng of a prototype counter has been descr1bed prev10usly .

Two adjacent bundles are viewed by a 56 DVP photomultiplier at each end. The

position inform~tiona10ng 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 weIl as hodoscope information and counter 111 pulse-height, were written

on tape, event by event, via a CAMAC system a~d a PDP 8L on-line computer. The

pulse-height information from the neutron counters was later used to set a thresh

old, in the off-line program, and also to remove the residual walk of the ORTEC 473

constant-fraction discriminators used.

A typical time resolution of a neutron counter is 800 psec for 20 MeV e1ec

tron equivalent pulses, including start counter resolution. This resulted in an

excitation energy resolution ßE of 3-6 MeV FWHM, depending on pulse-height thresh
x

old, flight path, and on E. This resolution is pt least a factor of 3 better
x

than in previous (~-,2n)measurements.

All data were written on magnetic tape and analysed using the CERN CDC 7600.

In the off-line analysis, a sufficiently"high pu1se-height threshold (4-5 MeV

electron equiva1ent) was set to get a uniform efficiency over the who1e counter

b k ' , h I' h "h d 16) f' ,y ta 1ng 1nto account t e 19 t attenuat10n 1n t e ro s • The ef 1c1ency cor-

rection was made with the Kurz code
1
?), 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 be10w 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 and 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 geometrica1 accep

tance in our w-range between 145° and 180°. The corresponding correction function

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

Monte Carlo simulation program.
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Within the experimental limitations (R. > 15 MeV, w > 145°)our data are, -kl.n
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 8-distributions, q has been restric

ted to values where there is no reduction in phase 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 independent

parameters, as described in Section 2. For practical reasons, however, only one

and two-dimensional distributions are given in this paper.

4. RESULTS AND DISCUSSION

,4.1 Beryllium-g

LOW. E REGION
x

So far, the only attempt to study the 9 Be(lT-,2n)7Li reactions has been made
1 0 )

by Calligaris et al. • Their 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 resolution.

Our observed excitation spectrum of the residual 7Li nuc1eus is shown in

Fig. 4. The spectrum shows a maximum at about 10 MeV and then decr~ases slow1y

with increasing excitation energy. The ground state (0/2-) and the 0.48 MeV first

excited state (~-) are weak1y popu1ated. In the a-a-n cluster picture for the

9 Be target, the transition to these levels corresponds ,t.o a removal of the weakly

bound neutron and aproton from one of the a clusters. The weak rate is there

fore probab1y exp1ained by the rather 1arge distance between the proton and the

neutron which absorb the pion. The recoi1 momentum distribution corresponding

to these levels is shown in Fig. 5. It indicates apredominant contribut{on of

L = 0; the ha1f-width is, however, re1ative1y 1arge (~ 120 MeV/c) for this 'pair

separation energy (see Section 2). It is 1arger than thecorresponding width for

higher levels, described 1ater, which have higher separation energy. This fact

again supports the assumption of a 1arge distance between the ~bsorbing nuc1eons

and the cluster picture of the ground state of the target nuc1eus and .the two

10west levels of 7Li.

In .the excitation spectrurn in Fig. 4 two 1arge peaks in the region between

7 MeV and 11 MeV are visible. As the number of known levels in this region is

sma11, they can be attributed to the1eve1s at.7.47 MeV (54-, T = ~) and

10.25 MeV (3h-, T = ~). Ba1ashov et a1.
6

) predict by far the 1argest spectro-
. . 2T+1 2S+1 2 4scopicfactor for theA =0 tranSl.tl.on to the members of a ' L 'p trip-

• ' 18) . (51 -let at about 8-11 MeV. Accordl.ng to Barker ,the level at 7.47 MeV /2) seems

to be the 10west member of this triplet. These facts lead to the conc1usion that this

transition corresponds to the removal of a spin triplet (T = 0) n-p pair from the



-119-

target nucleus. The!:J.T = O' transition is confirmed by the fact that this level

is populated in the 9Be(p,3He)7Li reaction (!:J.T = o,t) at E = 43.7 MeV, whereas
p

the mirror level at 7.21 MeV in 7Be is not seen in the 9Be (p,t)7 Be reaotion
.. 19)

(!:J.T = 1) under the same cond~t~ons •

The energy of the 3h- member of the 2,4 p triplet is calculated to be between

8 MeV and 11 MeV 20). According to Ajzenberg-Selove and Lauritsen
21

) the 10.25 MeV

level is the only 3h- member of the triplet. Then the iarge population (seen in

Fig. 4)comparable to that of the 7.5 MeV level agreeswith the prediction of
6)

Balashov et al. • Furthermore, the recoil momentum distributions corresp0nding

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 levels

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

Besides the ~ member of the 2,4 p triplet, Balashov et al. predict a large

spectroscopic factor also for [2lJ22 p levels at E about 16-18 MeV (the numbers
x

in the bracket correspond to the Young scheme). However, except for the 16.8 MeV

level, no level is experimentally weIl established (see Ref. 21), and at the same

time no other distinct peak is seen in our ~xcitation 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 2,4 p levels,

and the transitions to the ground and first excited states are weak. The analog
+ 7)

(~ ,2p) reaction on the same target has been investigated by Favier et al. .

Their excitation energy spectrum seems to be similar to ours within their experi

mental resolution.

4.2 Boron-lO

.Data on the pion-induced two-nucleon emission with lOB as a target nucleus

were obtained for the first time. Figure 6 shows the excitation spectra. Since

the residual nucleus 8 Be is particle unstable, the four-body break-up contribution

in the excitation spectrum is possible even in the ground-state region. In the

spectrum without q-windows, two main peaks can be observed at approximately 3 MeV

and 19 MeV excitation energy. The moment um distributions for these peaks are

shown in Fig. 7. The distribution for the peak at 3 MeV is ~ 150 MeV/c wide. We

conclude that it is dominated by a A F 0 component. The obseived 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 8Be • 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 = O. In Fig. 6 the excitation spectrum

restricted to large q-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 # 0 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 # O.

The levels with large c.f.p. are also indicated in Fig.. 6. When comparing the

experimental resul ts wi th 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. In

Fig. 6 the position of the levels is given according to the calculations.

L = 2 transitions are suppressed in our geometry, as discussed previously.

~T = 1 transitions can appear only at higher excitations since all the known

T = 1 levels in 8 Be are above 16 MeV.

At E ~ 3 MeV both theories S,6) predict A = 2,contributions in agreement
x

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 ~T = 0, A = 0 transitions are predicted by both Cohen and

Kurath and by Balashov et al. which agree with the position of the largest ex

perimental peak at 19 MeV. A ~T = 0, A = 2 transition is also expected in both

calculations at somewhat lower energy than the A = 0 contribution, in agreement

with our indication for a level at 17 MeV. None of the ~T = 0, A = 2 calculations

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

Cohen and Kurath expect two ~T = 1, A = 2 contributions which agree with the

excitations at 17 and 22 MeV. It should be noted that only ~T = 1 calculation

explains the excitation around 22 MeV. The largest ~T = 1, A = 0 transition

strength ~s expected for the level at·~ 18 MeV, in accordance with the position

of the main observed peak. However, another ~T 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 (n+,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 8 Be a

A = 2 transition to E ~ 3 MeV and a A = 0 transition to E ~ 19 MeV are wellx . x
identified. Evidence for transitions to additional 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 E ~ 16 MeV, where ~T = 1 becomes possible in addition to ~T = O. Cohen and
x
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Kurath suggest ~T = 1 for the'A = 2 transition to 22 MeV excitation. For the

transition to E = 17 MeV and 19 MeV, both isospin values for the nucleon pair
x

are possible.

4.3 Carbon-12

- '9 10 22 '23)Carbon-12 has often been used as target for (TI ,2n) reactions' " as

h 1 ( +) . 7) • 2 2 ) 2 3 )weIl as for t e ana ogous TI ,2p react~on . Ozak~ et al. and Nordberg et al.
• • ••• 1 0 )

show no exc~tat~on energy spectrum, whereas ~n the case ofCall~gar~s et al.
. 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 theyhave attributed to removal

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
5,6)

removal . The spectrum is dominated by a large peak around 1 MeV, in addition

to which there are three more peaks atabout 4.5 MeV, 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 E < 5 MeV. The ground-state tran-

x
sition has A = 2, whereas the other two have A O. Our measured q-distribution

for ~his lowest excitation energy range is shown in Fig: 9. It indicates some

L = 0 contribution~\ut the width is significantly larger (rv 150 MeV/c) than for

the targets 9Be or lOB for the same separation energy. As is known from a (TI-,y)
24).. .

measurement , the f~rst three exc~ted states all contr~bute, .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 cannöt give precise numbers

for the relative contributions among them.

Also Balashov et al.
6

) predict the major strengthto bein the low excitation

region (E < 3 MeV) and arethus in qualitative agreement with our result.
x

The structure around 4.5 MeV can be attributed tothe 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 ptedic~ion,

there should be significant strength in this region for A = 2 transitions. Our

measured q-distribution for this E part (Fig. 9), is very broadand of different,x
shape than for pure L = O. From this we conclude that a major A = 2 contribution

is possible, in agreement with Cohen and Kurath.

+) For a pure L=2 the peak of the q-distribution would occur
at a much greater value of q.
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For the peaks above E . = 6 MeV, no attempt at comparison with known levels. x
has been made. However,·it should be emphasized that Cohen and Kurath predict

a very large c.f.p. for a A =2, öT = 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 about 1 MeV. The peak around 12 MeV

and the broader structure around 21-22 MeV are discussed later in this paper, in

connection with the possibility of s-shell nucleon removal.

The excitation spectrum of the (TI+,2p) measurement of Favier et al.
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 E -range 15-70 MeV.
x

Besides the comparisonwith (TI+,2p), a comparison could be made with other

reactions that lead to the same residual nucleus, such as (p,pd), (d,a), or

(p,3 He ). The two-nucleon pick-up reactions (d,a) and (p,3 He), however, are sen

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

Arecent 12C(p,pd)10 B measurement
25

) at E = 75 MeV has shown about equal
p

population of ground state and first excited state, even at recoil momentum

q = O. Their experiment showed a smaller population of the second and third ex

cited states,. similar to our results. The higher excitation region has not been

measured by these authors.

Among the numerous theoretical papers on TI absorption there are only very

few that contain a detailed prediction on the excitation energy spectrum that

this reaction should produce. Kopaleishvili et al.
4

) havecalculated this dis

tribution for 12 C, 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 (TI-,2n) reaction by solving the corresponding Faddeev equations is the one by
. d' 3). .Garcllazo an Elsenberg . In Flg. 10 a comparlson between our measured w-

distribution, integrated over all Evalues, and their prediction has been made.
x

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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on the choice of the upper limit in E ,
s

i.e. the higher this limit the less pronounced the peak at 180 0 generally becomes.

Therefore we would like to emphasize thenecessity of theoretical efforts giving

data to small Evalues (see Fig. 16), then the w-distribution is peaked at this
s

angle, and thus is in better qualitative agreement with the prediction for two
. 3). .

nucleons com~ng from the lpo/2 shell . But ~t should be also mentioned that the

shape of this shown w-distribution depends

more detailed excitation spectra with angular and recoil momentum distrib~tions

for certain ranges of excitation energy.

4.4 Generairemarks 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-proton 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 9 Be , lOB, and. 12 C, and

also for 14 N 11) are indicated as a function of E , the separation energy of a
s

free deuteron*). It is surprising to find that for all these targets, the peaks

are nearly at the same position, namely at E '" 26 MeV. A comparison of the ener-
s 26)

gies of our (n-,2n) peaks and the peaks from (p,2p) results 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 seem 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 thisagreement.

About the quantum state of the absorbing pair the following can be said.

For A = 0, the two components a) 2S (Jf= 1, L ~ 0) x ls (n = 0, t = 0) and

b) lS (Jf= 0, L = 0) x 2s (n = 1, t 0) may contribute, as has been mentioned

in Seetion 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 7Li, orthe 19 MeV

level in 8 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 lS and 2S transitions is made, which shows that the above mentioned A = 0

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

*) Es is given by: Es = Ex + MB - MA + md' Where MA and MB are the masses of
the target and recoil nucleus, and md 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 observations, for equal c.f.p.,' A = 2 transitions are

generally weaker than A = 0 transitions. It has already been mentioned that the

L = 2, ~ = 0 component of the A = 2 tTansition 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 lOB, which corresponds probably

to the absorption of a pair in a relative d-state, provided our attribut ion 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 lS-state.

5. RESULTS AND DISCUSSION -- HIGH E REGION
x

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

excitation energy spectra obtained in the (n-,2N) reactions, one peak around
7 10 12), .

E 0-4 MeV and the other around 30 MeV ' , . The latter peak, Wh1Ch has
x

more than twice the area of the former one, is interpreted as s-shell nucleon
7 12) 12 - 10 . .

removal ' . In the c(n ,2n) B measurement of Chesh1re and Sobottka, the

reported peak corresponding to s2 removal at E ~ 38 MeV 9) is comparable in, x
size to the p2-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.

. • • ' , ) 26) 27)It 1S worth wh1le tQ ment10n the results from (p,2p, and (p,d) ex-

periments on single s-nucleon removal involving the same targets. In the corres

ponding separation energy spectra, a peak which is ~ 20-30 MeV wide occurs at a

one-nucleon separation energy of 27-34 }!eV, depending on the target. In the (p,d)

results, there is even some structure in this broad peak. From the analogy be

tween p-I peaks in (p,2p) results and p-2 peaks in (n-,2n) results mentioned

earlier, we expect s2-removal to appear at considerably higher Ethan one-nucleon
s

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 E as was observed in 6 Li or 7 Li.
x

In 12 C we cannot confirm the separated s-2 peak, reported by Cheshire and Sobottka.

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 q-dist~ibutions 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 moment um for 9 Be , lOB, and 12 C, 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 E -region is already somewhat suppressed. Apart from the structure at small
x

excitation energies discussed in Section 4, structuris at higher energies are

visible. In the 12 C spectrum we recognize a peak at E ~ 36.5 MeV, followed by
s

a dip at 42 MeV; in the case of 9 Be there are one or two peaks around 36 MeV and

a dip at 43 MeV, and in lOB a peak at 40 MeV and a dip at 45 MeV.

For the peaks just mentioned, q- and 8-distributions are shown in Fig. 13.

The q-distributions are relatively wide (compared, for instance, with the 10.5 MeV

peak in 9 Be); they increase towards q = 0 and thus indicate L = 0 dorninance. The

interpretation of these three narrow peaks is not simple. As the separation ener

gies are slightly too high for p2-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

f . 1 7) . h' h' h" bact, Fav~er et a. est~mate t at 1n t e~r w-range, w ~ch ~s compara le 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 wand 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 9 Be , up to E ~
s

~ 35 MeV, the w-distribution is decreasing with decreasing w, whereas beyond this

point it is rather flat. For 12 C the distribution becomes flat at E = 30-37 MeV,
s

and beyond this energy range the distribution is slightly increasing. The lOB

target seems to be exceptional. The w-distribution is decreasing everywhere,

although its inclination changes at E ~ 34 MeV.
s

In the spectra with q-windows (Fig. 15), it can be seen that the q-distribution

changes rather drastically at E ~ 48 MeV for 12 C. Below this energy the distri-
s

bution is decreasing with increasing q, whereas beyond this point it is almost

flat. An indication of the same behaviour is observed in 9 Be • The target lOB is

again very different. The region where the q-distributionsare decreasing con

tinues up to E ~ 70 MeV. The sudden change of the q-distribution mentioned above
s

can be understood if it is postulated that, at this separation energy, s2-removal

replaces p2-removal. In the latter case, according to our observation, the
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dominant transitions eome frDm 2S (oN'= 1, L = 0), showin'g a narrow q-distribution.

In the ease of s2-removal, however, only transitions eorresponding to lS 0(= 0,

L = 0) are allowed. This eauses a eo~siderably wider q-distribution, in addition

to the widening of the q-distribution owingto the larger separation energy.

The proeesses otherthan the quasi-free 2N absorption areexpected to produee

distributions that do not eritieally depend on the target nueleus, if the mass

is similar. In the separation energy speetra for q-windows as well as for w

windows, lOB is very different from the other targets. This differenee ean 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

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

This eonelusion is also supported by the absolute rates. In Table 1 the in

tegrated rates per stopped pion for the low E -region as well as for the high E -
s s

region are given for all three target nuelei. The numbers eorrespond to the

w-range from 145° to 180°. In the low E -region the observed w-distributions are
x

strongly peaked at .180° and henee our set-up eovers nearly all events. This is

eertainly no longer the ease in the high E -region, beeause there the w-distribu-
x

tions are mueh wider. An isotropie w-distribution, however, ean be exeluded,

beeau~e in this ease the extrapolated rates per stopped pion integrated over all

the w-range would far exeeed 100%. A non-isotropie w-distribution ean in turn

be more easily explained by direet proeesses.

6. CONCLUSIONS

It was shown that for all three targets, 9 Be , lOB, 12 C, studied in our ex

periment, the prominent peaks in the low exeitation-energy region ean be attributed

to known levels, and that their population is in a qualitative agreementwith the .

e.f.p. ealeulations for the p-shell nueleons.

In these target nuelei, as well as in l~N, a surprising similarity has been

found between the systematies of the two-nueleon separation energy E of the twb-
s

hole states strongly populated in the (TI-,2n) ~eaetion, and the one-nueleon

separation energy of the single-hole states obse~ved in the (p,2p) reaetion. This

eould be explained by a strong eorrelation between proton and neutron in the same

orbit.

For the p2-removal, the small width of the q-distributions for A = 0 tran

sitions and the general· weakness of A = 2 transitions seem to indieate that the

pion absorption by a nueleon pair in relative ls-state is favoured eompared 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 eonelusion 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 E region in our w-range, as weIl as the
s

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

(~+,2p) reaction shows that, within the experimental precision, the r~lative

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 w~ether the pion is absorbed from atomic orbits or in flight.
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Iab1e 1

Integrated rates per stopped pion
for different Es-regions. The num
bers are corrected with respect to
geometrica1 efficiencies in the w
range between 145° and 180°.

Es < 35 MeV Es > 35 MeV

9 Be 14.5% 22%

lOB 12.5% 16%

12 C 10% 16%
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, Figure .captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Kinematical variables used in the text.

Recoil momentum distributions as measured for the 10.5 MeV level in

'7U (0), and for the 7 MeV level in lOB (e). The curves cO,~respond

to lS, 2S, and lD c.m. states and are calculated in the same manner

as described in Ref. 15. A square weIl pot'ential has been used,

and the parameter in the n-p relative wave functionis chosen'accor

ding to the electron scattering data.

Experimental set-up. For details see text.

Excitation energy spectrum for the residual nucleus 7Li. Upper

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

q- and 6-distributions for three peaks in the E spectrum of 7Li.
x

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 8 Be • 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

to A = 0, T = O.

Fig. 7 q- and 6-distributions for two peaks in theE -spectrum of 8Be •
x

For the 6-distributions, q has been restricted to less than 190 MeV/c

and 170 MeV/c for the lower and higher E -window, respectively.
x

Fig. 8 Excitation energy spectrum for the residual nucleus lOB. Upper

curve: all data; iower 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 lines) and T ~ 1 (dashed lines) are iridicated on top of the

figure.

Fig. 9

Fig. 10

q- and 6-distributions for three peaks in the E spectrum of lOB.
x

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 (e) w-distribution from the reaction l2C(n-,2n)lOB, integrated

over all E ,compared with the theoretical prediction (curve) of. Ref. 3
x

with correlation parameter r = 0.6 fm. The two distributions have.
c

been normalizedat 180°.
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Fig. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16
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Comparison of separation energies for the removal of one (dashed

1ines) and two (solid 1ines) nuc1eons for the three targets measured

in this experiment and for 14N from Ref. 11.

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

E sca1es are also shown.
x

q- and 8-distributions for three peaks in the intermediate E -region.x
For the 8-distributions, q has been restricted to 1ess 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, respective1y.

Separation energy spectra for different q-windows for thethree tar

gets.

Comparison of w-distributions for the three targets, for sma11 and

1arge separation energies.
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