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Nine target nuclei ' C, ' 0, ' Mg,
' ' Si, ' ' Ca, and Zn have been studied by the (n, 20.) reaction at an

incident beam energy of 90 MeV. Energy resolution of 250-300 keV full width at half-maximum permitted

identification of many excited states, although transitions to the ground state consistently dominated the

spectra. The ground state angular correlations for equal outgoing energies and angles were similar in shape

over this mass region although the magnitude decreased by a factor of 10 from "C to Zn. A

phenomenological distorted wave impulse approximation calculation successfully describes most of the angular

and energy correlations. A conspicuous failure of the calculation occurs in the energy correlation predictions

for recoil momenta greater than 0.6 fm '. Spectroscopic results are compared with those from a pickup

reactions. It is seen that both reactions give nearly the same a clustering mass dependence. Plane wave

impulse approximation analysis suggests that the principle parent of ' 0 in an a particle model is the "C
ground state rather than the first excited state as found in the a pickup reactions.

PACS numbers:

NUCLEAR REACTIONS 2C, Q ' Mg ' Si ' Ca Zn (G. 2z) P' = gp
MeV, measured energy and angular correlations; DWIA, PWIA analysis, &

cluster spectroscopy.

I. INTRODUCTION

The object of this work was to investigate the
(o., 2z) reaction at 90 MeV incident z energy as
a probe sensitive to n clustering in light and medi-
um mass nuclei. The nine targets ~C, "0,
""Mg "'"Si, " Ca, and "Zn were studied at
several symmetric coplanar angle pairs. Asym-
metric coplanar angle pairs were also taken for
the "C and "0 targets in order to clarify certain
aspects of the reaction mechanism as well as pro-
vide further data concerning the spectroscopy of
these nuclei. The extracted angular and energy
correlations are reasonably consistent with an im-
pulse approximation description of the reaction.

Several recent (o, 2o) experiments on light nu-
clei (particularly 'Li) in the 40 MeV to 70 MeV in-
cident n energy range have used the plane wave
impulse approximation (PWIA) in interpreting the
data. " The PWIA analysis of the 'Li(n, 2a) reac-
tion' required the use of a radial cutoff to obtain
the best agreement with experimental results,
which indicated that absorption effects were im-
portant. In order to analyze the present (n, 2n)
experiments, a parametrized distorted wave im-
pulse approximation (DWIA) was derived. The dis-
torted waves were represented by McCarthy-Pur-
sey wave functions' with the focus term set to zero.
This DWIA model described several systematic
features of the (o, 2o) reactions without invoking a
radial cutoff in the bound state wave function. A

spectroscopic factor has been defined which yields

results in substantial agreement with a distorted
wave Born approximation (DWBA) analysis of a
systematic ('He, 'Be) study. ' Spectroscopic infor-
mation from a P%'IA analysis'"' is also presented.

The (cy, 2~) reaction has also been studied on a
"Ne target at F. =78.6 MeV, ' and on "C, "0,
"Mg, and "Si, targets at E~=70 MeV. ' These
data also display features of z-z quasielastic scat-
tering, and a consistent picture of the (~, 2~) reac-
tion on nuclei removed from the p shell is begin-
ning to develop.

The following section gives a summary of the
theory. The third section describes the experi-
ment, and the fourth section gives the analysis of
the experimental results within the DWIA and
PWIA frameworks. A comparison with e pickup
reactions is also given in this part. The final sec-
tion summarizes and discusses the results.

II. THEORY

A general discussion of the DWIA and %VIA used
in analyzing the (e, 2') data is given here. The
notation utilized is that the incident z particle la-
beled (1) is in the z direction and strikes the tar-
get nucleus (2+ &) where 2 is the initially bound n
particle and e the core. Two n particles (3 and 4)
appear in the final state, and the residual nucleus
(c) recoils. The experiment was arranged to be
most sensitive to particles 3 and 4 having large
velocities, while the recoil nucleus received only
a smaIl impulse. Figure 1 depicts the kinematics
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Initial

where the incident o. (r„,k, } interacts with the sec-
ond n bound to the core of mass A —4 with the
wave function f„"~(r„)via the interaction
V(~r„—r„~}. Since exchange effects are not in-
cluded, the two outgoing a particles are described,
respectively, with (r„,k, ) and (r„,k4). It is noted
that recoil effects have been neglected in Eq. (4).
(See Fig. 1.)

Using the coordinate transformations"

r =r1 —12, P= r2 (6)

the Tz of Eq. (4) reduces to the product of two in-
tegrals

T~ = dr exp[i(k, —k, ) ~ r]V(~ r~ )

Final

FIG. 1. Coordinate system used in the (&, 2&) theory.
The core is represented by c. The incident & particle
is labeled 1 and the initially bound & particle is 2. In
the final state 3 and 4 represent the two product &

particles.

E, + Q = E3+E4+E, , (2)

where the k, (=p;/5) are wave numbers and the E;
are kinetic energies. The quantity Q is the binding
energy of an e particle in the target nucleus. Since
the target is at rest in the lab frame k, +k, =0.
Further, k, = q = -k, where q is the momentum of
the initially bound e particle.

A general statement for the three body cross
section in terms of the T matrix is'

d'a =—' Q ~ T~(k„k„k,) ~
'pq (E,} x (2)

Af

where TL (the arguments of T~ are suppressed in
what follows) is a T matrix element and pz(E, ) is
a phase space factor. "" In a plane wave Born ap-
proximation treatment the T~~ can be written~

T~ = e'"~ '&~f~(r„)V(~ r„-r„~)
~3 ~leg ~~4 12cdr 1c 2c &

(4)

in the initial and final states; the core is assumed
to be infinitely massive (no recoil) and also cen-
tered at the origin of the reference frame. Con-
servation of momentum and kinetic energy in the
lab frame yields

k1 + k2 +kc k3 +k4+ kc

and

dpexp ik, p „p .

In the impulse approximation the first integral of
Eq. (6} is replaced with an appropriate free (x-(r
scattering cross section, "and the PODIA results.
The second integral of Eq. (6) is the Fourier trans-
form of the bound cp particles coordinate space
wave function [f~(p)] with respect to the momen-
tum of the recoiling nucleus. The square of this
integral describes the momentum distribution of
the particle. "

For nonzero Q, the momentum transferred by
the scattered n particle, k, -k„ is not the same
(for a fixed incident energy and scattering angle}
in the ((x, 2n) reaction as it is for free (n, o) scat-
tering. This off-the-mass-shell effect requires
careful selection of an (n, o.} scattering energy to
be appropriate for the reaction. This will be dis-
cussed in Sec. IV B in conjunction with the data.

If the three plane waves of the second integral
in Eq. (6) are replaced by more realistic distorted
waves, '" but the impulse approximation is main-
tained, the DWIA is obtained and the second inte-
gral is written as

x (() = J &i' x"" ' (x., (x(x" ' tx., (x(f„",(xx(

x &('&(k„p), (7)

where the lt('~ b*( () are incoming (outgoing) dis-
torted waves. The complex variable $ will be de-
fined below. The y's in Eq. (7) are taken to be the
analytic distorted waves of the McCarthy-Pursey
type. ' Early work in treating inelastic n particle
scattering data with the McCarthy-Pursey parame-
trized distorted waves showed that the focus term
makes a small contribution compared to the sur-
face term, ' so the focus term was dropped in our
treatment. The full parametrization has been kept
in (p, 2p) calculations. "

The McCarthy-Pursey distorted waves are de-
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TABLE I. The first three columns give target information. The final three columns concern
the radial wave function of an u particle bound in the various targets studied in this work.

Target
Isotopic
purity

Thickness
(mg/cm2)

u -particle
separation

energy (MeV)

Radial
nodes

N
Binding

potential (MeV)

i2C

60(NiO)
24Mg

Mg
28Sl

"Si

4'Ca
'4Ca
66Zn

Natural
Natural
99% 24Mg

99% 28Mg

Natural
89% 30Si

10% 28Si

Natural
98.5% 4Ca
97.8% 66Zn

0.379+ 0.010
0.255 + 0.050
1.075+ 0.040
0.435 + 0.020
0.692 + 0.020

0.076 + 0.015

0.457 + 0.090
0.420 + 0.020
0.586 + 0.060

7.369
7.161
9.316

10.614
9.981

10.650

7.041
8.846
4.558

68.8
60.9

109.5
106.9
104.1

100.9

87.5
109.4
109.2

scribed in the initial channel by

)(t'(k„p) = N, exp[i(P, + iy, /(k, R,))k, ~ p] (8)

and

n~ „=P ~ ~+ y~ 4/(ks 4R, ) (13)

and final channels by

y,
* '(k„p) = iV, exp[ i(P, +-iy, /(k~R, ))k, ~ p] (9)

and similarly for X* (k4, p). Here N„P/„and N4

are normalization factors derived from the condi-
tion that the magnitude of the distorted waves at
p =-0 is exp(-y, ) for i = 1, 3, and 4." The nuclear
radius parameter 8, is taken to be 1.30A'~' in the
initial channel and 1.30(A —4}'i' in the final chan-
nel, where A is the mass of the target nucleus.
The P and y parameters can be esti mated' from
standard optical model potential parameters by

(10)

—l/2

2@3 E

the quantities V, 8', and p. are the real and imag-
inary parts of the optical model potential and the
reduced mass of the system. The P parameter re-
lates the asymptotic wave number (k) to a local
wave number (Pk), and for V&0 (attractive poten-
tial) P is greater than unity. The y parameter
measures absorption of the incident and scattered
waves.

Use of Eqs. (8) and (9) in Eq. (7) would, in prin-
ciple, require the determination of six parameters
to fully specify the distorted waves. However, in
our analysis the final state distortion parameters
have been set equal because the present experi-
ments are performed so that the two product n
particles have roughly equal energies. These final
state distortion parameters are denoted p34 and

y3 4 Thus the tw o compl ex num be rs a, and z3 4

a, = P, +iy, /(k, R, )

define the distorted waves in the initial and final
channels. Considering only the knockout of an

L =0 o, particle, we obtain substituting X' and
into Eq. (7)

4 «o(&) = &i(&s,4)' e"'f;.(p) dp, (14)

where

$ —a,k, —o~ 4(k3+k~) . (15)

In the plane wave limit, P, and P~4 equal unity and

y, and y„equal zero; g in this case equals the
recoil momentum k„and the plane wave result is
recovered.

The wave function for an z-particle cluster
bound to the core with relative angular momentum
(L) equal to zero is

(p) (S 1/2} No(P (16)

where (S ' ')n„ is an o. cluster spectroscopic fac-
tor and R„o(p) is the relative radial wave function
between the bound cluster and core. The quantum
number N is the number of radial nodes in R„a(p)
and is derived from consideration of energy con-
servation within the harmonic oscillator shell
model"' by use of the relation

A-4

P (2n& + i, ) = 2N+ L+ g (2n, + l,), (17)

where it is assumed that the z cluster is composed
of four valence nucleons outside the core c. For
L =0 and assuming the valence shell model parti-
cles are active in clustering, N is derived from
Eq. (17) and tabulated in Table I. The subscript
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TABLE II. Summary of the collimator sizes used in this work.

Set Detector
Solid angle

(msr)
Radii
{cm)

Angular radial
acceptance (deg)

Angular vertical
acceptance (deg)

A 4.70
4.60

1.40
1.46

429
422

7.85
7.47

2.11
1.96

1.15
1.09

+3.73
+3,73

+2.09
~2.09

DW attached to (S '~')n„ indicates the spectro-
scopic factor was extracted from the DWIA theory.

III. EXPERIMENTAL

The experiment was done with a magnetically
analyzed' 90 MeV a beam with bE/E =8@10 ~

from the Berkeley 88 in. cyclotron. The energy
was sufficient to separate sequential n decay
events arising from discrete (resolved} levels in

intermediate nuclei from quasielastic events.
These latter events have maximum cross section
when the energy is equally shared between the two

outgoing a particles, while the sequential process-
es would normally lead to an asymmetric distribu-
tion.

The data were taken in a 91 cm scattering cham-
ber in which two independently controlled counter
arms were mounted. Each arm held a detector
telescope which consisted of a 250 p.m phosphorus
diffused Si transmission detector and a 3 mm Si(Li)
stopping detector cooled to about -25'C with ther-
moelectric devices. Electrons were suppressed
by -1.5 mg/cm' Al foils placed in front of the rec-
tangular collimators. Table II summarizes the ac-
ceptance angles used in these experiments; Set A
was used in the symmetric angle range of 28' to
47'and the asymmetric angle data, while Set B
was used for the forward angle work. The effects
of large solid angles were compensated by aver-
aging the theoretical predictions over the radial
acceptance angles. No correction was made for
noncoplanar effects which are expected to be most
important in the knockout of a particle with non-
zero angular momentum. "~'

The electronic systems used high rate compo-
nents designed by Goulding, Landis, and Pehl"
and the logic is summarized in Fig. 2. The pileup
rejectors (PUR) would typically give 10/~ dead time
at a singles count rate of 15000 sec '; they made
the major contributions to experimental dead time.
Inclusion of the PUR in the bE counting system
gave an improvement of a factor of 3 for the elas-
tically scattered a particle peak-to-valley ratio.
The single channel analyzers (SCAs) on the nE
counters were sufficient to select particles with
Z equal to 2. The (a, n 'He} events were separated

Linear
Amp

Lineor

Gate

= PUR—

SCA

SCA

:PUR

~E Linear

Amp

I Fast
Disc

Stort

= System

Coinc.

It

Llear
Gate

Valid Stop [

E,
SCA

Linear

Gate

Main Strobe g,
Coinc.

"

System 2~~
Disc

TAC
Stop Time

E, SCA
'i t

Liear ~
Gate

1r
System 2

FIG. 2. Schematic of the electronics used in the coin-
cidence counting. PUR is a pileup reflector, SCA is a
single chanel analyzer, and TAC is a time-to-ampli-
tude converter.

by their large negative Q values. The fast coinci-
dence spectrum was obtained by using a time-to-
amplitude converter (TAC) triggered by the nE
detectors. The time range of the TAC was 1 p, s,
giving eight chance peaks and one true plus chance
peak in the time spectrum. The time resolution
was 6 or 7 ns, well within the cyclotron period of
about 100 ns.

The data were stored event by event by use of a
multiplexer -ADC system'4 and a PDP-5 on-line com-
puter. Each event was required to satisfy all tim-
ing and energy requirements; consequently, the
count rate was in the range from one to ten events
per second. For each event three pieces of infor-
mation were stored: the two summed energy sig-
nals and the TAC signal. The data were subse-
quently analyzed off line with the TAC spectrum
used to separate true plus chance and chance in-
formation into different arrays. This method per-
mitted simultaneous accumulation of chance infor-
mation with the true events; the analysis included
the subtraction of a chance array from the true
plus chance events. The total dead time of the
electronic system was measured by injecting puls-
er signals which simulated n particles into the
preamplifiers. The pulser unit was triggered by a
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IOO

Mg (a, 2a) Ne

E + E projection
4

f)

0.00

tion as a function of angle. The error in this pro-
cedure was about —,

' channel, which yields about
1.5 MeV uncertainty in the E, scale.

IV. RESULTS AND DISCUSSION

A. Experimental results

l001
4oCo (a, 2a)' Ar

6 = 8, =28.
E + E projection

000
r- o
Ch

—O
Al

I1 0
; 0

(p 1

1

~'MMw~
250 300 350 400

Channel number

00
0
co 000

,h, jIM A

450 500

Table III summarizes the residual levels ob-
served in this (n, 2a) survey. The second column
gives the excitation energies obtained from the
summed energy (E, +E,) spectra. These energies
can be compared with the literature values given
in the fourth column; the J' values are also taken
from the literature. Figure 3 shows sample "Mg-
(o, 2n) and ~Ca(o. , 2o.) summed energy spectra;
the (a, n'He) thresholds are indicated. The final
columns of Table III give information on the ex-
perimental intensities. Cross sections integrated
over approximately 24 to 65 MeV in E, are given
for data in which both counters had the angle (9.

The errors reflect only the statistical uncertain-
ties. It is seen that, with the exceptions of the
"Ar and 'Be residual nuclei, the ground state

c 50-
O
C3

'h
l l 1

12
C (a, 2a) Be (0.0)8

4L i. I 1 ja

250 300 350

I'

400
1I1A,L,III) ~ Kd

450 500
O.IO—

Channel number

FIG. 3. Representative E3+ k'4 projected spectra
from the 6Mg(o'. , 2&) and 4 Ca(&, 20'.) reactions.

monitor counter. These signals progressed
through the circuit exactly as a real coincident
event and were eventually written on magnetic
tape. By comparing the integrated pulser counts
found on the data tapes with the number of monitor
pulser triggers, the total dead time, varying from
10 to 30%, was measured. The monitor counter
was also used to check for target deterioration
and to verify the beam charge accumulated in a
Faraday cup.

A summary of target information is included in

Table I. Whenever possible, target thicknesses
were measured by two techniques. First, the en-
ergy loss of 8.78 MeV n particles was measured,
and second, a direct weighing of the target was
made on a microgram balance. Careful choice of
target thickness as well as the previously dis-
cussed experimental parameters resulted in 250-
300 keV energy resolution in the E, +E4 projected
spectra (see Fig. 3). The energy scales were cali-
brated by observing the "C(n, n'}"C singles reac-

C4

E
16 120 (a, 2a) C(0.0)

O.IO—

O.OI
I

20
I

30 40 50

8 = 8 (deg)

FIG. 4. Symmetric angular correlations for the
~ C(G. , 2n) Be(0.0) and 0(e, 2Q) C(0.0) reacti. ons. The
dashed curve is the (+«); prescription, while the solid
curves are calculated on the basis of the (& ~)f method
for extracting the & ~(& ~, 6)).
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TABLE III. Residual levels populated by the (0. , 20. ) reaction, as well as comparisons to
literature excitations and a summary of experimental transition intensities obtained at the
quoted angle.

Residual
Nucleus

SBe

12C

&exc.
(MeV)

0.00
2.90

0.00
4.44
7.65

Error
(keV) (Mev)

0 00
2.90

0.00 b

4.439
7.653

Lit.
J 'If

0+ cI

2+

p+ b

2+
o+

(deg)

35

Integrated
cross sections

(mb/sr2)

4.89 + 0.34
2.54 +0.25

3.41 ~0.35
0.88 + 0.17

Weak

20Ne 0.00
1.63
4.25
5.70
6.72

11.41

+20
+35
+60
+60
~50
+50

p+C

2+
4+

3, 1
p+

0.00
1.63
4.25

5.62, 5.79
6.72

Many levels

35 1.31 ~0.15
0.108 + 0.042

Weak
0.063 + 0.031
0.065 + 0.028
0.039 + 0.022

22N 0.00
1.28
4.49
5.81
6.31
6.95
7.57

+50
+60
+80
+60
~80
+150
~60

o.oo '
1.28
4.46
5.93
6.34
6.90

7.49, 7.64

p+ (}

2+
2+

+

p+

1-, 2+

1.03 + 0.12
0.16 a 0.05
0.025 + 0.018
0.018+ 0.014
0.052 + 0.024
0.030 + 0.016
0.059 + 0.026

24Mg 0.00
1.37
4.23
5.23
7.69

11.47

+20
g40
+30
+70
+50
+50

0 00 p+ e

1.369 2+

4 123,4.23 4+, 2+

5.228 3+

Several levels
Many levels

35 0.84 +0.11
0.156 + 0.047

Weak
0.033 + 0.020
0.040+ 0.023
0.045 + 0.021

26Mg 0.00
1.81
2.92
3.53

+50
~50
+100
+100

o.oo '
1.809
2.938
3.585

p+ e

2+
2+
p+

35 0.61 + 0 ~ 16
0.12 + 0.07

Weak
Weak

"Ar 0.00
1.97
4.37

+40
+30
+100

0 00 p+ e

1.970 2+

Several levels

32 0.50 +0.089
0.30 +0.070
0.10 + 0.039

40Ar 0.00
1.44
2.09
4.00
5.75

+80
+50
+90
~40
+70

o.oo ' p+ e

1.460 2+

2.125 Q+

Several levels
Several levels

28 0.58 + 0.12
0.027 + 0.032
0.052 + 0.034
0.080 + 0.044
0.026 ~ 0.025

62 Nj 0.00
1.17
2.36

+30
y40
+100

o.oo '
1.172

2.303, 2,34

0+ f

2+

2+, 4+

35 0.42 + 0.071
0.062 +0.026

%'eak

' T. Lauritson and F. Ajzenberg-Selove, Nucl. Phys. 78, 1 (1966).
F. Ajzenberg-Selove and T. Lauritson, Nucl. Phys. A114, 1 (1968).

'F. Ajzenberg-Selove, Nucl. Phys. A190, 1 (1972).
W. Scholz, P. Neogy, K. Bethge, and R. Middleton, Phys. Rev. C 6, 893 (1972);

P. Neogy, R. Middleton, and W. Scholz, ibid. 6, 885 (1972).
P. M. Endt and C. Van Der Leun, Nucl. Phys. A105, 1 (1967).
C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes (Wiley, New York,

1967), 6th ed.
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I I

Mg(a2o) 20Ne(0.00)

0.01 =
I 1 I I I

Ca(a 2a) Ar(0 00)
O. IO—

Q IQ 26M

4P

~ 0.01 =
CfJ

E

0.0 = 28Si

(a.2a) Ne(Q.QQ):—

(a.2a) Mg(0.00) =

0.01 =

0.001 =

0.01 =

~'Ca{,2. ) '0Ar(0. 00) =-

O. OI—

b
0.01 = 0.001 =

E O, OOI—

0.10 =
30SI

J

a,2e) 6Mg(0.00) 66Zn(a, 2a) 6 gI(0.00)
0 .OI—

0.01 = O.OI = Co (a, 2 a) Ar( I. 9 7}

20
I I I

30 40 50 20
81= 82 (deg}

I I I I

30 40
81= 82 (deg)

50 0.OOI

FIG. 5. Ground state transition (&, 2&) symmetric
ar~ular correlations on the 4' 8Mg '~Si, ' 4Ca, and
+Zn targets. The solid curves are DWIA calculations.

transitions strongly dominate. The "Si(a,2a) re-
sult disagrees with an earlier "Si(cy, 2n) experi-

ent at 104 Me V. The Si(a, 2z) reactIon at
E =70 MeV also finds the '4Mg ground state most
strongly populated, ' in agreement with our data.
Finally, the intensities are seen to decrease by

an order of magnitude from 'Be to ~Ni.
Figures 4 through 7 present a selection of angu-

lar correlations measured in this work. Symme-
tric angular correlations (8, = 8,) for the ground

state transitions are shown in Figs. 4 and 5, while

Fig. 6 is a sample of such data to the first excited,
J' =2' states. Figure 7 presents asymmetric an-
gular correlation measurements (8, fixed) obtained
for 'Be(0.0) and ' C(0.0). The angular correlation
data are averaged cross sections taken at the F.,
point in the energy correlation which required the

residual nucleus recoil momentum to lie along the

beam axis. The vertical error bars are statistical
errors, and the horizontal error bars indicate ex-
perimental angular acceptances. Figures 8 and 9

show the "O(a, 2a) "C(0.0) and "Mg(a, 2a)' Ne(0. 0)
energy correlations as a function of symmetric

I I I I I I

I 5 20 25 30 35 40 45 50
8 = 8 (deg)

I

FIG. 6. Symmetric angular correlations for the first
ezcjted states jn C and Ar from the p(e, 2n)
(4.44) and Ca(&, 2&) Ar(1.97) reactions.

1. Choice offree O.-n scattering cross sections

Using the equations developed in Sec. II, Eq.
(1) may be rewritten as

scattering angle; the arrows in these figures show
the point at which E, =E,. Figure 10 shows the en-
ergy correlations for all targets at the symmetric
angle pair for which the residual nucleus may have
zero recoil momentum (the quasielastic angle).
The set of three arrows in this figure show the
points at which

~ qI = 0.6 fm ' and
~ q~

= 0.0 fm '.
The uncertainty of the absolute cross section is
estimated to be +15 j(;,

' the relative uncertainties
are determined mainly by the precision of the tar-
get thickness measurements. Tabulations of the
data can be found in Ref. 26. The solid curves are
DULIA calculations to be discussed in the following
sections.

B. DWIA reaction model
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I

C(e, 2a) Be (O.O)

e=4Z'
I O.IO—

I I I I

0(a, 2a)~ C(0.0)
35'-35'

O.IO— I I I I

0 (a, 2a) C(0.0)

19'—19'.

O.OI—

0.10 —. o

4 I
4 —4 I

CV
L

E 0 (a, 2',a) C(0.0)
e=4Z

I

CV

C)
E

22'-22-
0

o oo
0 o o II

o 0

O.IO—

0.01 :
42'-42

3.10—
25 -25

O.OI,„—

47' —47'

0.01—

O.IO 8'-
Q.QI —ii

I I

40

8 {deg) O.OI
Q QQI

FIG. 7. Asymmetric angular correlations leading to
the ground states of Pe and C from the C(a. , 2n) and

0(&, 2&) reactions. The (+«); prescription is given
by the dashed curve; the (E~~)f prescriptions are given
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FIG. 8. Energy correlations (as a function of symmet-
ric angle) for the 80(&, 2&) C(0.0) reaction. The
arrows indicate the point at which E3 ——E4.

where (KF) are known kinematic factors, o (E„,8)

are the appropriate cross sections for the free
o.-o. collision, and po„o($) is Eq. (14}with (S }n~
removed from the integral and explicitly displayed.
The arguments E and 0 of cr (E, 8) are the
c.m. kinetic energy and scattering angle of the two

n clusters.
The ambiguity in choosing an appropriate energy

for the (n, n) scattering has been treated in the
past' by choosing a c.m. energy equivalent either
to the incoming channel [(E ),] prescription or
outgoing channel [(E )&] prescription. Figure 4
shows the "O(n, 2u)"C(0.0) data compared with the

DWIA (E ), (dashed curve) and (E )& (solid curve)
predictions. The (E }z choice gives a much better
fit, in agreement with results of Ref. 1. The pre-
diction of the minimum at 22' in the angular corre-
lation was insensitive to the P and y parameters of
the distorted waves. A deep minimum in

o,(E, e) accounts for the minimum in the (n, 2o)
correlation at 22' only if the (E,)z prescription is
used.

The angular correlation to the "C first excited
state in Fig. 6 also shows the characteristic mini-
mum at 22', and reveals that this feature of the
impulse approximation theory is present even in
the weak excited state transitions. Figure 7 shows
the asymmetric angular correlations for the "0
and "C targets. Again, the (E,)z prescription
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(solid curve) gives the best fit to the "O(n, 2n)-
"C(0.0) data. On the basis of these results, as
well as experience from previous (n, 2 n) experi-
ments, the (E„)zprescription has been adopted
in this work.

Z. Determination of distortion parameters

0.001—

20
I I

40

E (MeV)

I

60

FIG. 9. As in Fig. 8 for the ~4Mg target.

Very little work concerning evaluation of the dis-
tortion parameters for these analytic distorted
waves has been reported in the literature. Our
initial effort in finding a reasonable set was guided
by using n-particle optical model potentials"-" in
Eqs. (10) and (11) to yield starting parameters.
Then these parameters were varied to obtain a best
fit to the "O(n, 2n)" C(0.0) angular correlation
data. A reasonably unique distortion parameter
set was found which gave (S,)n„=3.0 for the "C
target, "'"i.e. , an a particle sum rule was invoked
in order to limit an ambiguity found in a search on
the y„y, ~ absorption parameters. This ambiguity
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will be discussed in more detail below.
A more satisfactory procedure for distortion pa-

rameter determination became available with the
publication" by Janus and McCarthy (JM) of a sys-
tematic survey of (n, n ) inelastic scattering using
these analytic distorted waves. Our distortion pa-
rameters are simply related to theirs, i.e. ,

~sHz=1+~m

&sez = (»Rw) JM .
(19)
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FIG. 11. (a) Effect of varying the pair (p&, p3 4) on
theoretical predictions for 80(&, 2&)' C(0.0). (b) As in

(a) except only p3, 4 is varied. (c) As in {a) except y3 4

is varied. See text for detailed discussion.

The subscript SHZ has been used for our definition
of P and y. Using Eq. (19}and an averaged PzM and

(ykR„)~ from Table I of Ref. 17 a very good fit to
the "O(n, 2 o')"C(0.0) angular correlation was found
with the distortion parameter set JiP„y„P, ~, y, ,)
=(0.92, 1.10,0.94, 1.20I with (S )nv=2. 9. This
normalization is about 20% less than the (S )o„
computed with the "fit" parameters reported in
Refs. 26 and 32; the curves shown in Figs. 4-10
used the parameter set based on the (n, o. ) scat-
tering" listed above. There was no need to adjust
distortion parameters with increasing mass in or-
der to maintain good fits. The (S,} „orealisted in
Table IV and will be discussed in more detail in
Sec. IVC. Since P~„~=0.9, the total potential is
repulsive [see Eq. (10)) and the Coulomb potential
is apparently playing a major role."

Figure 7 shows the "0, "C( o2n) asymmetric
angular correlation predictions using the sym-
metric angular correlation distortion parameter
set given above. The normalization of Fig. 7 is
identical to that used in Fig. 4 and is also listed in
Table IV. Agreement between the asymmetric an-
gular correlation predictions and data is fair with
the worst disagreement occurring at small angles.
It is in this angular region that the two outgoing
n particles have the greatest asymmetry in energy
sharing, and our assumption about equal final state
distortion parameters may be inappropriate.

We now turn to a brief discussion of the distor-
tion pa, rameter sensitivity in fitting the "O(o., 2a)
' C(0.0) angular correlation data. The energy cor-
relation calculations are not very sensitive to pa-
rameter variations. In Fig. 11 variations of three
types are presented; all theoretical calculations
are normalized by (S,)n„=2.9. In all cases the
solid curve corresponds to the final distortion pa-
rameter set discussed in the preceding paragraphs.
Similarly, if a parameter is not varied it also
equals the previously discussed value. In Fig.
11(a), the (P„P, ,) are varied as a, pair. The
dashed curve corresponds to (P„P, a) = (0.62, 0.64)
and the dot-dashed curve has (P„P, a) = (1.22, 1.24).
Some shape sensitivity is noted, but the best shape
fit is given by (P„P, ,) =(0.92, 0.94). Figure 11(b)
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shows P, , variations. The dashed curve has L33

=0.80 and the dot-dashed curve has P3 ~ 4 1.08.
Large changes in both shape and magnitude are
noted. These calculations along with results in
Fig. 11(a) demonstrate that P, and P, , should be
approximately equal if a satisfactory shape fit is
to be obtained. Figure 11(c}shows the effect of

y, ~ variations. The dashed curve has y, ,=0.90
and the dot-dashed curve has y3 4 1.50. For a
satisfactory shape fit y3 4&y, . As long as this re-
lation is maintained yy or y3 g could be varied over
a considerable range without large shape changes,
although the magnitude would change. This is the
ambiguity alluded to at the beginning of this sec-
tion.

Summarizing, it is encouraging that the (n, o )
inelastic scattering and the (o., 2n) data can be si-
multaneously fitted with these analytic distorted
waves using essentially the same distortion param-
eters. However, we do recognize that the agree-
ment of theory with experiment may be fortuitous,
since the DWIA is a gross simplification of Eq.
(3)

3. Bound state wave functions

Two prescriptions were used to describe the
bound state radial wave function R„,(p) introduced
in Eq. (16). Both harmonic oscillator wave func-
tions and Woods-Saxon wave functions calculated
by the separation energy procedure" were used in
data analysis. The number of radial nodes (N) was
determined by using Eq. (17). There was little dif-
ference in the angular correlation predictions, al-
though the Woods-Saxon wave function did give a
slightly better shape fit with constant distortion
parameters. Figure 12 compares the "O(a, 2n)-
"C(0.0) calculations based on the two models; the
lack of sensitivity to the bound state radial wave
function is shown. The finite well radial wave func-
tions were used for all calculations. Table I pro-
vides a summary of the input parameters for L =0.
The fourth column gives the n particle separation
energies and the last column gives the potential
depth binding the o cluster derived from the sepa-
ration energy procedure. The radius and diffuse-
ness parameters which define the Woods-Saxon
well shape were taken to be 1.302'~' fm and 0.73
fm, respectively.

Several calculations were performed using N = 0
rather than N derived from Eq. (17). These angu-
lar correlation results were inferior to those given
by determining N from Eq. (17). A complete search
on the distortion parameters for N =0 did not im-
prove the fits.

The effect of radial cutoffs in R»(p) was investi-
gated for the "O(n, 2n)"C(0.0) case. Only small
changes in the predicted angular correlation shape

I I I

0(a, 2a) C (0.0)

Woods- Saxon----—Harmonic oscillator

Al

~ O.IO

E

Q.ol I

20
I I

30

8i 82 (deg )

I

40 50

FIG. 12. Comparison of harmonic oscillator and
Woods-Saxon bound state wave functions used in the
DWIA calculation for the 0{+,2n) C {0.0) case.

and magnitude were noted up to a cutoff radius (p, )
of 2.5 fm [p(surface) =1.3A'~'=3. 275 fm]. The
magnitude decreased by a factor of 2 for p, = 3.80
fm, but the shape remained nearly unchanged.
Similar calculations were done for the PWIA case
where it was found that the magnitude decreased
monotonically with increasing cutoff radius. This
result is expected, since there is no absorption in
the PW model, and thus all nuclear radii contrib-
ute.

4. Energy correlations

Energy correlations for a fixed angular setting
were obtained by measuring the cross section for
unequal energies of the two outgoing Q. particles;
the E, bins were approximately 3 MeV wide. The
energy correlations for "O(a, 2o')"C(0.0) and
'~Mg(a, 2n)' Ne(0. 0) as a function of symmetric
angle are given in Figs. 8 and 9. The solid curves
are the DWIA predictions which utilized the distor-
tion parameters and (S }n„found in fitting the an-
gular correlation data (cf.Sec. IVB2). The DWIA
theory correctly predicts the energy correlation
broadening as the detector angular separation is
reduced. This effect is due to the behavior of the
distorted wave part of the calculation. Even though
the cr (E „8)become flatter as a function of E, as
the separation angle is increased,

~ P»($) ~' be-
comes relatively more peaked. The PWIA failed
to reproduce this observation. The energy corre-
lation results shown in Figs. 8 and 9 were repre-
sentative of all the nuclei studied.

Figure 10 shows the energy correlations at the
quasielastic angle for all the targets studied. The
solid curves are DWIA predictions determined
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from parameters of Sec. IVB2. The arrows at the
E, extrema correspond to recoil momenta of 0.6
fm '. It is noted that for ~q~ &0.6 fm ' the DWIA
calculation fails to fit the data; indeed the secon-
dary maxima in the DWIA energy correlations
underestimate the data by a factor of 10 at larger

q( Icf. , the "Zn(n, 2o) case in Fig. 10]. This fail-
ure may be due to contributions of nonquasifree
type reaction mechanisms which apparently yield a
cross section of about 2-10 I(b/sr'MeV in these
kinematic regions.

C. n cluster spectroscopy by the {n,2n) reaction

(& (4f., l(=(-t((IVde
0

(20)

It is noted that (S )a„ is not extra, cted by normaliz-
ing a PWIA calculation to the data, but rather is
an integral over the PW momentum distribution.
The @(-q)

' is extracted from the experimental
data using Eq. (18) where ( is replaced with -q;
the analysis is restricted to the ground and first
excited states in the residual nuclei. The upper
integration limit in Eq. (20) was restricted to ~q ~

less than 0.6 fm ', since reaction mechanisms
other than quasifree scattering may be dominating
kinematic regions of larger q~. The derived
(S )» values are given in column 3 of Table IV,
and the errors reflect the counting statistics. The
(S )p„have been normalized to (S )n„at the
"C(0.0) residual nucleus.

Figure 13 shows results of (S,)» versus residual
mass for the ground and lowest excited (J =2')
levels. There is a strong decrease in (S )» from
"C to 'oSi then it is relatively constant to "Zn.
The ('He, 'Be} reaction on "Zr and 9'Nb targets
and the (d, Li) reaction on "'Sn also revealed lev-
eling of n pickup cross sections for heavier nu-
clei." A systematic (d, 'Li) study" on targets from
"C to '"U found an over-all cross section decrease
proportional to (A, )

' where A, is the target mass,
but with maxima or minima superimposed on this
curve Acompa, rison .of the (d, eLi) cross sections
with this ( 2no) work (cf., Table III) shows that the

I. Ground and first excited state transitions:

pVIA predictions

In this section n cluster spectroscopy of the
ground and first excited state transitions will be
derived on the basis of the PWIA theory. The fol-
lowing section will be concerned with the DWIA
spectroscopic conclusions. Our analytic DW model
has been applied only to the ground state transi-
tions, whereas a recent DWIA calculation" without
this restriction mill also be discussed.

The concept of an effective number of n clusters
(S )» is introduced through the PWIA relation'
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FIG. 13. The effective number of & clusters (S~)pg(
vs the residual mass A. Both the ground state and first
excited state (S„)p are plotted.

9 of Table IV) have predicted that the dominant
parent of "0 in an o cluster model is the ["C(4.44)
+ n] rather than the ["C(0.0)+ o] configuration.
This difference suggests that the n knockout and
n pickup reactions may not be equivalent probes for
finding four particle clusters in nuclei, and it is
particularly difficult to understand since the n
pickup and n knockout reactions, as noted above,
are reasonably consistent for the "C target.

Another study" suggested that the (d, 'Li) reaction
may be strongly influenced by multistep processes,
thus confusing a direct n particle pickup interpre-
tation. This conclusion was reached to a large ex-
tent on the basis of a systematic population of un-
natural parity states. The (n, 2o.) data showed only
slight population of unnatural parity states, al-
though all levels above the ground and first excited
states were very weak.

We might expect the clustering estimates to be
more reliable for neighboring nuclei such as in the
N =Z and neutron excess nuclei. If the (S,) „brae
summed for transitions to the 0' and 2' states, it
is seen that the "Mg result is enhanced by a factor
of about 2.5 when compared with 'Mg, and that the

Si value is 1.4 times greater than Si. Finally,
"Ca is enhanced by more than a factor of 2 when
compared with 44Ca. The last result is interesting,
since larger n clustering in "Ca over "Ca was in-
voked" in order to explain the enhanced" elastic n
scattering at backward angles from "Ca.

2. Ground state transitions: Analytic D WIA predictions

(a, 2n) cross sections follow the (d, 'Li) cross sec-
tions over the mass region in common to both ex-
periments.

The "C and "0nuclei have been studied experi-
mentally and theoretically in terms of cluster
structure. Table IV (column 6} lists relative ex-
citation strengths derived from the "C(p,pn)8Be
experiment at 160 MeV. ' The results are in fair
agreement with the (n, 2n) results. The ('He, 'Be}
(Ref. 4) and (d, 'Li) (Refs. 37 and 38) n pickup re-
actions on "C excite the ground and first excited
states of 'Be with about the same strength; thus
the n knockout and Q. pickup experimental syste-
matics for the "C target are similar. n pickup
reactions on "0 have found the "C(4.44) to be 3 or
4 times more strongly populated than "C(0.0). The
"0(n, 'Be) reaction" also populated the first ex-
cited "C state more strongly. These pickup re-
sults are quite unlike the n knockout experiments,
which have shown that "C(0.0) is more strongly
populated than '~C(4.44) [approximately a factor of
4 in the (n, 2n) reaction at E =90 MeV and about
a factor of 2.5 in the (p, pn) reaction at E =160
MeV]." Numerous calculations" " (e.g. , column

Table IV also summarizes the DWIA normaliza-
tion constants (S )n„extracted from the data using
the distortion parameters of Sec. IVB2. One dis-
tortion parameter set has been used for all nuclei.
These (S,)n„were obtained by normalizing the the-
oretical angular correlations to the experimental
data; the fits are shown in Figs. 4 and 5. Table
IV also includes the (S )n„ for asymmetric angular
correlations with the distortion parameters found
in Sec. IVB2 and serves to emphasize the consis-
tency in analysis of the data (cf. , Fig. 7). The
errors given with the S are limits indicating where
the visual fit of theory to data was noticeably
worse. Relative agreement between the DWIA

analysis (S )n„and the PWIA analysis (S }r„is
found; this is encouraging, since the (S,)n„depend
on the angular correlation data and the (S )r„de-
pend on the energy correlation data at the quasi-
elastic angle.

The relative experimental spectroscopic factors
from the ('He, 'Be) reaction~ are given in column 7

of Table IV. They agree well with the (n, 2n)
normalizations except for the ' C target. Column
8 gives theoretical predictions for the mass depen-



13 SPECTROSCOPY OF THE (n, 2n) REACTION AT E ~ = 90 MeV 33

dence of n clustering based on simple shell model
wave functions', the theory does not provide suffi-
cient clustering as the nuclear mass increases.
However, a (d, 'Li) study" with finite range DWBA
analysis did obtain spectroscopic factors in agree-
ment with those calculated from wave functions
similar to those used in Ref. 4. Thus the question
of whether there is more a clustering as a function
of mass than predicted by the extreme single parti-
cle model remains ambiguous, although the current
(n, 2 n) analysis suggests that the simple shell model
configurations are not sufficient.

A recent DWIA analysis" which uses optical mod-
el potentials to derive the distorted waves has been
used to analyze the "O(n, 2n) ground and first ex-
cited state transitions. This treatment seems to
have resolved the puzzle of the "0parentage dis-
cussed in the previous section, as they'4 have
found (S„)»/(S,g»= 8, in reasonable agreement
with theory and n pickup reactions. Given this re-
sult, a crucial test of the DWIA theory would be to
analyze the '2C(n, 2n} Be reaction, since the PWIA
analysis is consistent with theory and n pickup ex-
periments in this case.

V. SUMMARY

The (a, 2o) reaction at E = 90 MeV has been
studied for selected target nuclei from "C to "Zn.
Sufficient energy resolution [250-200 keV (full
width at half maximum)] has permitted identifica-
tion of several low-lying excited states. The
ground state to ground state transitions are gen-
erally dominant. Most systematic features of the
symmetric and asymmetric angular correlations
and energy correlations for the ground state tran-
sitions have been described by a phenomenological
DWIA model. In particular, certain features of the
angular correlations have indicated a preference
for the (E )z prescription (post representation)
for selecting the proper free n-~ scattering cross
sections for use in the DWIA calculation. Inclusion
of distortion effects drastically reduced the pre-
dicted cross sections from the PWIA. Spectroscop-
ic factors for the ground state transitions were ex-
tracted using the DWIA (S ) o„and PWIA models
(S,}r„.

The amount of n clustering decreased with the
same mass dependence as found in a ('He, 'Be) ex-
periment. ' Both the ('He, 'Be) o,'pickup and (n, 2n)
knockout reactions showed that the relative clus-
tering does not decrease as rapidly as predicted by
calculations using simple shell model wave func-
tions. This does not preclude the possibility that

mixed configuration shell model wave functions
contain sufficient a-particle correlations to ex-
plain our data.

The relative spectroscopic values were consis-
tent between the PWIA and D%IA treatments. The
values extracted using the PWIA were used to com-
pare the relative excitation strengths in the ""Mg,
""Si, and "'"Ca target pairs. The results can
be interpreted to mean that the N =Z nuclei have
enhanced clustering when compared to the neutron
excess partner.

A comparison of the residual levels populated by
the (d, 'Li) and ('He, 'Be) reactions with the (n, 2n)
experiments shows that the n knockout reactions
strongly select ground state transitions whereas
the n pickup reactions do not. This feature is par-
ticularly marked to the "0 target, where the pick-
up reactions find the "C(4.44) MeV state enhanced
by a factor of 3 to 4 compared with the ground
state, while the reverse is found in n knockout ex-
periments. This apparent anomaly of the knockout
reaction was shown to be a consequence of distor-
tions, '~ and emphasizes the danger of relying too
heavily on data analysis via PWIA.

This work has shown the feasibility of using the
(n, 2o) reaction at a moderate beam energy as a
spectroscopic tool over a broad mass region. The-
oretical treatment of the n knockout reaction when
compared to an n pickup reaction is quite primi-
tive. Although certain experimental features show
that impulse approximation theories have some
validity, a more complete theoretical treatment of
the reaction process must be given before reliable
clustering spectroscopic factors can be extracted.
The complementary nature of the results from the
two reactions, however, leads us to believe that
efforts to improve the theory would be well re-
warded.
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