164 ISOBARIC ANALOG STATES IN Cl13s 1407
Tasie III. A summary of results for the reduced widths and from the considerations of isobaric spin.
Energy calculated
Reduced Single-particle from S% analog Resonance T V1
Level J T width limit levels (MeV) strength splitting (MeV)
7.54 3 3 6,2=0.240.12 0,2=0.33 7.35 2.6+0.4 eV 4.38 MeV 102
3.16 O
7.84 3 3 0,2=0.24-0.12 6,2=0.33 7.89 3.440.6 eV 3.67 MeV 86
417 3 1

a Recent calculations of the reduced widths using a computer code from J. P. Schiffer of Argonne National Laboratory have resulted in the value 0.20
+4-0.02 for the reduced width of the 7.84-MeV level. This result is based upon a nuclear radius of 1.4 (41/841) F. Because of the uncertainty in the experi-
mental value of the proton width of the 7.54-MeV level, we were unable to obtain a more accurate value of its reduced width.

in the neighborhood of the 1214- and 1512-keV res-
onances together with the large reduced widths of these
resonances indicates that the single-particle excitations
are not mixing to any appreciable extent with nearby
T'=1 states of the same spin and parity. Evidently at

this low excitation energy the T=% states are still
widely spaced relative to the strength of the isospin
breaking interactions, although at higher excitation
energies there is some evidence for isospin mixing.
Further investigation of these effects is now in progress.
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Absolute double-differential cross sections have been measured at ten bombarding energies from 4-6
MeV for the reaction Ti‘¢(p,p"y)0.99 MeV. The angular correlations were measured with the y-ray detector
moving in a plane perpendicular to the reaction plane. Comparisons are made between the measured cross
sections and the predictions of the statistical compound-nucleus theory. At all bombarding energies, angular
correlations were measured at two supplementary (c.m.) proton-detector angles in order to check the sym-
metries predicted by statistical theory. Attempts are made to ascribe deviations of the experimental cor-
relations from statistical-model predictions to the presence of direct reactions. The angular dependence of
the spin-flip cross section was measured at three bombarding energies: 5.16, 5.25, and 5.46 MeV. In addi-
tion, the energy dependence of the spin-flip cross section was measured at a laboratory proton-detector
angle of 131°. For that geometry wherein the proton detector is in the backward quadrant, agreement be-
tween the measured correlations and statistical-model predictions is very good.

I. INTRODUCTION

N recent years there has been considerable interest
in the study of angular (triple) correlations between
inelastically scattered nucleons and their associated de-
excitation v rays as a tool for studying reaction mecha-
nisms. Many of these studies have been made at rela-
tively high energies with consequent comparison to
direct interaction (DI) theory. Sheldon' has shown,
however, that in many of these cases, especially for
atomic masses greater than 40, the results may be fitted
reasonably well by statistical compound-nucleus (CN)
correlation theory.
As a more sensitive test for the admixture of CN and

t This work was supported in part by the National Science
Foundation under Grant No. GP-2210.

* Present address: Pacific Northwest Laboratory, Richland,
Washington.

1 E. Sheldon, Rev. Mod. Phys. 35, 795 (1963).

DI mechanisms, Sheldon'? has suggested the study of
noncoplanar radiations. In a previous paper® in which
the angular dependence of the correlation function for
Ti* was studied at two energies, the authors noted ar.
apparent symmetry Breakdown which indicated that
the normal-plane correlation function may provide a
more sensitive measure of the CN-DI admixture than
reaction-plane correlations. The present paper reports
the extension of these normal-plane correlations to a
series of ten bombarding energies corresponding to
peaks and valleys in the excitation curve above and
below the Coulomb barrier and the (p,7) threshold.
Model-independent symmetries associated with par-
ticle~y-ray angular correlations can, in certain circum-
stances, aid in the analysis of reaction mechanisms.

2 E. Sheldon, Phys. Letters 2, 178 (1962).
( 31%) M. Humes and H. J. Hausman, Phys. Rev. 139, B846
1965).
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Using inversion and rotation invariance, Yang* has
shown that for an unpolarized beam of incident particles,
the angular correlation between the decay vy rays and
the inelastically scattered particle group populating the
decaying state has two symmetries: (1) The correlation
is symmetric about the outgoing particle direction, in
particular the correlation is independent of the propaga-
tion direction of the v ray when that direction is con-
fined to the surface of a cone whose axis coincides with
the outgoing particle direction, and (2) in any plane
containing the outgoing particle direction the angular
correlation is symmetric about an axis perpendicular
to the outgoing particle direction; that is, the v distri-
bution can be described by a polynomial containing
only even powers of the cosine of the angle between the
two radiations.

For the coordinate system shown in Fig. 1, the two
model-independent symmetries of Yang may be ex-
pressed as follows:

(1) “Cone” symmetry:

W (000+$+) =W (0,0+'¢+) ,
where 6, is arbitrary except for the two restrictions
0<6,'<m,
0,— 6,0,/ <0,+0,,

where 8,=arc cos[ cosf, cosf,+sind, sind, cosp, | is the
angle between the particle and v radiations and

./ =arc cosI: (cotby) (cos,— cosb,’)+sind, cos¢.,:|
7 B .

sing,’

In general, there will be two values of ¢, (two posi-
tions on the cone) for a given value of 6.’

-y Axis
Y Ray

(97 :957“'72—’)

% Axis -€—

s, Pp=0°

Proton

z Axis
Incident Beam
Direction

F16. 1. The coordinate system used in describing the double-
differential cross section for this experiment. The perpendicular
correlations described in this paper refer to that geometry wherein
y-ray counter moves in the yz plane.

4 C. N. Yang, Phys. Rev. 74, 764 (1948).
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(2) “Plane” symmetry:

W(emow‘ﬁv) = W(em 97/, 7r—-¢>7) )
where

6,/ =arc cos[ (cosf,—2 cosf, cosd,)/ (1—sin?l,, sin%p,) ].

Applying the plane and cone symmetries in sequence
one finds what might be termed the “opposite v”

symmetry,
W/(Bmawfbv) = W(ep; T—0,, ¢7+7") . (1)

Thus, although the correlation function is dependent on
the orientation of the line of motion of the v ray it is
independent of the direction of motion along that line.

The cone symmetry tells us that the correlation func-
tion is independent of the sign of ¢,,

W(epxo‘)')(b'v) = W<0p7 677 ——d)‘l) .

In particular, for v rays detected in the y-z plane of
Fig. 1 (a correlation so measured is hereafter referred
to as a perpendicular correlation) this relation becomes

I/V(omo‘h%ﬂ'): W(op; 6, _%77) .

Applying the opposite v symmetry to the term on the
left side of this equation we obtain the following model-
independent perpendicular correlation symmetry:

W(BP; 077 :!:%7"') = W(BP; T—0,, :’:%T) . (2)

The statistical CN symmetry for the perpendicular
correlation has been shown by Sheldon to be

W(Hp, 077 :I:%ﬂ") = W(ﬂ'— 0, 07; i%”) . (3)

By measuring the particle—y-ray correlations for two
supplementary proton-detector angles, we have investi-
gated the symmetry given in Eq. (3). Since all perpen-
dicular correlations must be symmetric about the
direction k,X k,’, any deviation from the CN symmetry
given by Eq. (3) must be in the form of a change in
magnitude of the correlation and not a change in shape.
Deviations from the correlations predicted in Eq. (3)
are to be investigated as resulting from direct-reaction
channels.

In the past, much of the experimental angular cor-
relation data reported was in the form of relative cross
sections. Hence, reaction-model studies were concerned
primarily with comparisons between model predictions
and arbitrarily normalized experimental correlation
shapes and symmetries. For a particular reaction pro-
ceeding primarily via compound-nucleus channels, even
a small admixture of competing coherent direct channel
could seriously distort the shape of the experimental
correlation function without appreciably changing the
absolute yield. By the same arguments, even for a reac-
tion proceeding solely via the compound-nucleus chan-
nels, the statistical model correlation symmetries could
be easily broken if only a small number of competing
compound-nucleus states were involved in the reaction.
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In order to make a more critical confrontation between
experiment and the predictions of reaction-model
theories, we have measured our angular correlations as
absolute double-differential cross sections, d%s/dQ,dQ,.
This permits us to study the details of the magnitudes of
the predicted cross sections as well as the general sym-
metries. As another test of the statistical compound-
nucleus model, we have also measured the spin-flip
correlation, W(8,, 3w, —3m), at three bombarding en-
ergies of 5.16, 5.25, and 5.46 MeV and compared the
results with statistical theory.

II. THEORY

The directional correlation function for inelastic
nucleon scattering by means of a statistical CN reaction
mechanism has been developed by Satchler’ and
generalized to include a spin-orbit interaction by
Sheldon.? Let the inelastic scattering angular mo-
mentum sequence be denoted by Jo(51)J1(72)J2(L,L")Jo.
This notation means that the target nucleus of spin
Jo captures a nucleon of total angular momentum j;
to form a compound nucleus of spin J;, which in turn
disintegrates into a nucleon of total angular momentum
72 and an excited nucleus of spin J,. Finally, the latter
returns to its ground state (spin Jo) by emitting v
radiation, which may be of mixed multipolarity L and
L’ with a mixing ratio A (the ratio of the reduced
matrix elements for the L’ and L transitions).

o
49,42,

A 27,41

W (6,8,,)~
e 32w 2701
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There are two crucial assumptions of the statistical
(or continuum) CN model. First, it is assumed that
enough CN states of random phase are involved to
yield zero average value for interferences of three
types: (i) between different CN states, (i) between
different entrance partial waves, and (iii) between
different exit partial waves. In terms of scattering
amplitudes this means that

U S S AN I <SR ST T
<Sjsl2lll1 ! 1*~qu2'12’11'11"’1 ! >Av_ |SJ212]111 ! ll

X 871718 mymy 0131185051 O191 8yt

where [; are orbital angular momenta, =; is the parity
of the CN state of spin J; and S is an average scattering
amplitude. Second, it is assumed that these average
amplitudes depend only on the transmission coefficients
T1;i(E) of the partial waves (of energy E), and may be
calculated by the equation

| Siainne | 2= Tuyj (B) Tyig(E2) /L i Toi(E)
ET(]jljz) , @

where the sum is to be performed over all channels open
to the particular CN state. The symbol 7(Jj1j2) is
introduced to abbreviate the above expression [Eq.
@1

The directional correlation function derived under
these assumptions is given by Sheldon as

Zuv)\ju'zh (_" )2J°—J1~J2+j2(2]1+ 1)2 (2j1+ 1) (2j2+ 1)

X (7175—%|10) (2723 — % | vO)W (J1J 17171; wJ )L (2LA+1) (LLL—1|NO)W (J o7 s.LL; N )
+2A QLA 1)L+ 1)12(LL'1— 1| NO)W (JoT 2LL' ; N o)+ A2(2L'+1) (L'L'1—1|X0)

XW (JoJ2L'L ; N o) J(14+A2) 71X (J 1T 15 fajav; JoJ M) 7(T17152)Sunn (05048+)

where u, », and \ are even integers and the Legendre
hyperpolynomial .S has the form

S (0p0v0y) = 4 (2u+1)12(204-1)71/2
X m(=)™(u Voml M) Y 7m(0,,0) Vo™ (0,,04)

where the ¥\™ are the usual (Condon-Shortley) spheri-
cal harmonics.

Using the ALGoL language Sheldon and Gantenbein®
have written a computer program entitled BARBARA’
which evaluates the right-hand side of Eq. (5).

The proton angular distribution may be obtained by
evaluating Eq. (5) with \ constrained to be zero,

do d%c o
—= d97=41r|: :| .
dQy, dQ,dQ, dQpd 2y Ir—o

5 G. R. Satchler, Phys. Rev. 94, 1304 (1954); 104, 1198 (1956).
( s P’:l) Sheldon and P. Gantenbein, J. Appl. Math. Phys. 18, 397
1967).
7 One of the authors (R. G. Seyler) has converted the language
of this program to FORTRAN II.

©®)

As part of the input for the code BARBARA one must
supply the penetrability or transmission coefficients,
T, (E), of the various partial waves at the energy E.
These transmission coefficients may be obtained with
the aid of the optical model. We used the optical-model
search program of Auerbach called aBacus-ir.® For
the real non-spin-dependent part of the nuclear potential
we employed the usual Saxon form factor, for the imagi-
nary part the derivative of a Saxon form, and for the
spin-orbit part, the familiar Thomas form.

Since some of the incident particle energies were
above the (p,n) threshold it was necessary to obtain
both neutron and proton transmission coefficients (see
Fig. 2). The proton penetrabilities were calculated
using the proton (local) optical-model parameters of
Perey®: V=46.7—0.32E4+ZA71B, W' =11,r,=r)=1.25,

8 Written by E. Auerbach and obtained from Brookhaven
National Laboratory, Upton, Long Island, New York.

9 F. Perey, Direct Interactions and Nuclear Reaction Mechanisms
(Gordon and Breach Science Publishers Inc., New York, 1963).
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F16. 2. Open-exit channels used
in calculating the double-differen-
tial cross sections with the com-
puter code BARBARA.
3.62
3.34
3.24
2.43
4+
2.30
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2=0.65, and ¢’=0.47, where the potential energies are
in MeV (E is the center-of-mass energy) and the lengths
are in fermi. These parameters were determined by
Perey by studying the elastic scattering data in the
9-22-MeV range. It was assumed that the explicit
energy dependence would permit the use of these param-
eters at even lower energies. For the neutron penetra-
bilities we used at each energy the local potential
equivalent to the nonlocal neutron optical model of
Perey and Buck.®® Equivalent here means that the two
potentials yield the same elastic angular distribution.
We used the local potential only because the code
ABACUS-II has no provision for use of a nonlocal poten-
tial. The neutron (local) optical-model parameters
used were: V=48—0.29E, W’'=10 and r, 7/, ¢ and &’
are as given above for the proton potential. These neu-
tron and proton parameters are the same as those used

10 F. Perey and B. Buck, Nucl. Phys. 32, 353 (1962).

by Sheldon.! The depth of the (real) spin-orbit potential
(for both the neutron and proton) was taken as 7.5
MeV, which is close to the value used by Perey and
Buck in their nonlocal neutron potential when one con-
verts the latter value (1300 MeV) to pion units by
multiplying it by (m./2mx)2

The above-mentioned values of the optical potential
parameters were nof varied. That is, no attempt was
made to find a set of optical parameters which would
optimize the agreement between the code BARBARA
predictions and the data. The quoted set of optical
parameters was used as input for the code ABACUS-1I,
which produced the transmission coefficients. These
coefficients and some additional information such as
the angular momenta (in our case Jo=0, Jo.=L, A=0)
and the incident energy were then used as input for the
code BARBARA which produced as output the desired
angular-correlation function.
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III. EXPERIMENTAL APPARATUS

The experimental arrangement is shown in Ref. 3.
The beam from the Ohio State University 5.5-MeV
Van de Graaff accelerator was magnetically analyzed
and stabilized to 0.1%, energy resolution. The beam was
then bent through a switching magnet into the scatter-
ing chamber, where the beam was collimated to a spot
of 0.040 in. diam. before striking the target. Finally, the
beam was collected by the Faraday cup at the rear of
the scattering chamber and integrated by a 0.1%, cur-
rent integrator.

The scattering chamber was a 0.063-in.-thick stain-
less-steel cylinder 10 in. in diam. with a hemispherical
top to present uniform attenuating thickness to the v
rays. A solid-state detector, which was capable of being
positioned remotely, was contained in the chamber for
detection of the scattered charged particles. This
detector was collimated to subtend 0.5X 1078 sr. Gamma
rays were detected by a remotely positioned 3 in.X3 in.
NaI(Tl) scintillator mounted on an RCA 8054
multiplier phototube located externally to the scattering
chamber with the front face 17 cm from the target
center. The positioning of this detector was accurate
to £1.0°.

After being preamplified at the scattering chamber,
the signals from both detectors were further amplified
in the accelerator control room by Cosmic!! double-delay
line amplifiers which are part of our modular coincidence
system. With a resolving time of 45 nsec a mean ratio
of true-to-accidental counts of about 5:1 was obtained.

The target was a self-supporting foil obtained from
the Oak Ridge National Laboratory ORNL as a sepa-
rated isotope enriched to 99.36%, Ti%. The thickness
was determined in two ways: by weighing a representa-
tive portion and by determining the shift in the Li(p,n)
threshold when the foil was inserted in the beam. The
weighing method gave an average thickness of
0.929--0.016 mg/cm? while the threshold shift indicated
a thickness of 0.917-0.037 mg/cm?. The thickness was
taken to be 0.92340.040 mg/cm? or approximately
40 keV at 4.6 MeV.

The double-differential cross sections d%s/d2,d<2, have
an over-all uncertainty of 48%, due primarily to un-
certainties in the target uniformity (£5%) and in the
efficiency solid-angle factor for the «y-ray detector
(£5%). The error bars on the plotted experimental
points are due solely to counting statistics and do not
reflect the over-all absolute uncertainty. The plotted
experimental points have been corrected for the finite
geometry of the y-ray detector using the calculations of
Heath!? and those of Herskind and Yoshizawa.!

Except for the 4.63- and 5.25-MeV correlation data,
the perpendicular angular correlations were measured

1 Cosmic Radiation Labs., Inc., Bellport, New York.

2ZR. L. Heath, in Scintillation Spectrometry Gamma-Ray
Spectrum Catalogue (Phillips Petroleum Company, 1964), 2nd ed.

13 B. Herskind and Y. Yoshizawa, Nucl. Instr. Methods 27,
104 (1964).
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with the proton detector at the two supplementary (in
the center-of-mass coordinates) angles of 47° and 131°.
For the 4.63-MeV perpendicular correlation, the sup-
plementary proton-detector angles were 40° and 137°
while for the 5.25-MeV data the supplementary proton-
detector angles were 49° and 130°.

IV. RESULTS
Yield Curve

The relative yield of protons scattered inelastically
from Ti* leaving the residual nucleus in its first excited
state at 0.99 MeV was measured at a laboratory proton-
detector angle of 54°. The purpose of this measurement
was to investigate the energy dependence of the yield
curve over the bombarding energy available so as to
determine those bombarding energies for correlation
studies. As can be seen from the curve in Fig. 3, the
yield curve shows many fluctuations over the energy
region between E,=3.7 and 6.1 MeV. These fluctua-
tions are broader on the average than the experimental
energy spread of 40 keV. The positions of the peaks
persists at other proton angles as can be seen in Fig. 4,
and agree with the yield curves as measured by Seward
and by Hulubei et al.’ The latter group have also made
extensive angular correlation measurements for this
reaction in the energy range of 4-8.5 MeV. The fact
that the position of the peaks in the excitation curves
persist over different detector angles seems to be evi-
dence that these fluctuations are compound-nucleus
resonances or clusters of overlapping resonances. We
shall discuss this point further in Sec. V' After studying
the yield curve, we elected to measure our angular cor-
relations at 10 proton bombarding energies as indicated
in Fig. 3 corresponding to peaks and valleys in the
yield curve.

The absolute excitation function of the differential
(p,p") cross section measured at one of the supple-
mentary (c.m.) proton angles is shown in Fig. 4. The
structure in the excitation curve is similar to that seen
at a proton angle of 54°. The predictions of the statistical
model, as computed using Sheldon’s code BARBARA, are
shown on the figure. The curve of most relevance is the
one which was calculated taking into account all open
proton and neutron channels for those levels shown in
Fig. 2 which are energetically possible. The term ‘‘extra
exit channels” is used in this and many subsequent
figures. Our original CN calculations of the absolute
double-differential cross sections were done using the
program ERICA,'* which was compiled at ORNL by
Sheldon. In this program it was assumed that only two
exit channels were open, decays to the ground and first
excited state. Subsequently, Sheldon!” revised his pro-

“F. D. Seward, Phys. Rev. 114, 514 (1959).

15 H, Hulubei, A. Berinde, I. Neamu, N. Scintei, and N.
Martalogu, Nucl. Phys. 89, 165 (1966).

16 E. Sheldon, Oak Ridge National Laboratory Communication

(unpublished).
17 E, Sheldon (private communication),
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Fic. 3. Relative excita-
tion curve for the protons
leaving the residual nucleus
Ti*8 in its first excited state
at 0.99 MeV. The proton-
detector angle is 54°. The
dashed curve is the calcu-
lated statistical CN yield
assuming no extra exit
channels. The arrows indi-
cate energies at which the
double-differential  cross
sections were measured. The
solid line through the ex-
perimental points is added
solely to guide the eye and
is not a fit to the data.

[o]
O 37 3839 4.04.1 42 43 44 45 46 47 48 49 5051 52 53 54 55 56 5.7 58 59 60 6.1 62

Incident Proton Energy MeV (Lab)

gram to include the effects of all open exit channels
energetically available to the reaction. The term “no
extra channels” means that the open exit channels are
assumed to be only the ground state and first excited
state. Hence the term “5S extra channels” means that
there are five open exit channels in addition to the
ground state and first excited state. We have included
both calculations in our figures in order to illustrate the

T (p,p') (0.99 MeV)
EXCITATION CURVE

25,01~ /
/
20.0~
5
3 1501
13
o
© R
T al0of >
bl \‘{
=
—-— BARBARA: All open
5.0~  (p,n) channels
——— BARBARA:No extra exit
channels
0 ! 1 ! 1 1 1
0 37 40 4.5 50 5.5 6.0
E, (Lab)MeV

F16. 4. The absolute excitation curve for protons leaving the
residual nucleus Ti*® in its first excited state at 0.99 MeV. The
proton-detector angle is 131°. The dashed curves are labelled on
the figure and are the results of absolute statistical CN calcula-
tions using the code BARBARA. The solid line through the experi-
mental points is added solely to guide the eye and is not a fit to
the data. The experimental points with error flags are cross sec-
tions calculated from the measured angular correlations,

effect of the competing CN decay modes on the reaction
under study. The energy levels for Ti* and V* used in
these calculations were taken from the Landolt-
Bornstein'® compilation tables. Although we subse-
quently found a more up-to-date determination of the
Ti* levels,”® we did not believe that the additional levels
reported warranted the recalculation of the cross sec-

T¥p,p') 0.99MeV
AVERAGE EXCITATION CURVE

250~
20.0- .
5
s 150}
£
5
: 100}
SIS
- — BARBARA: All open
channels
5.0 ¢ (p.n) —— Energy Averaged X-Sect
S AE =200 KeV
0 1 | ! 1 1 1
0 37 40 4.5 5.0 5.5 6.0
£, (Lab)MaV

Fic. 5. The experimental points of the absolute excitation curve
of Fig. 4 are plotted along with the solid curve representing the
same excitation curve averaged over an energy interval of 200
keV. For comparison, the statistical CN predictions of the code
BARBARA are also plotted as a dashed line.

18 Landolt-Bornstein, Energy Levels of Nuclei A=5 to A=257
(Springer-Verlag, Berlin, 1961).

¥ R. G. Arns (private communication); G. Brown, G. B,
Haigh, and A, E. Macgregor, Nucl. Phys. A97 353 (1967)
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tions. In Fig. 5 we have plotted an average excitation
curve using an energy interval of 200 keV and com-
pared this curve with the predictions of the statistical
model. Over this energy region the statistical model
seems to account for practically all of the experimental
yield.

The experimental points with error bars plotted in
Fig. 4 are differential cross sections calculated from the
absolute double-differential angular correlations meas-
ured at those energies. These cross sections are given by

do d%c
. / < >d9,=47rA0, ©)
42 Jay \d2,d2,

Ao
( ) = X AiPi(cosh),
AQpdQy/ exp.  *=0,2,4

and the 4 are determined by a least-squares fit to the
experimental data. These calculations of the differential
cross sections served as an internal check on the experi-
mental conditions since we can compare the values of
the excitation function obtained by two different

where

T T
Ep=5.25 MeV
0 §,=49.2°,¢ =, 6, Reversed
8 8,249.1°,4=0
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F16. 6. Results of the absolute reaction-plane angular correla-
tions which check the model-independent symmetry W (65,6.,0)
=W (0, 7—0., ). The solid curve is the statistical CN computa-
tion using the code BARBARA.
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W(8,,6,,0)=W(r-6,,6,,7)
Compound Nucleus
F1G. 7. Results of the absolute reaction-plane angular correla-
tions which check the statistical CN symmetry W (6,,0.,0)

=W (r— 85, 0, ). The solid curve is the statistical CN computa-
tion using the code BARBARA.

methods. Once the bombarding energy is above the
(p,m) threshold, the statistical-model calculations give
a reasonably accurate prediction of the reaction yield,
allowing at most only a 159, direct-reaction yield.

Reaction-Plane Symmetries

The data in Figs. 6 and 7 is taken from the paper by
Humes and Hausman?® and is reported here in order to
compare the results with statistical-model calculations.

The first reaction-plane symmetry studied was the
mechanism-independent symmetry of Eq. (1). For a
fixed proton-detector angle, one angular correlation
was measured with the y-ray counter moving in the
¢=0 plane and another with the y-ray detector moving
in the ¢=r plane. The results of the measurements, at
two bombarding energies, plotted as absolute cross sec-
tions corrected for the finite geometry of the y-ray
detector, are shown in Fig. 6. In order to compare the
predicted symmetry, the experimental points for the
¢=m measurements were plotted such that the indicated
6, is (w—0,). The indicated agreement with the predic-
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tions of the model-independent symmetry serves more
to establish a confidence level of the experimental
equipment and procedures than as a test of an invari-
ance rule. The predictions of the statistical-model code
BARBARA, plotted as a solid curve in the figure, do not
agree very well with the measured correlations.

The second reaction-plane symmetry studied at the
two bombarding energies was the statistical CN
symmetry,

T/V(O,,,G,,,O) =W (7"_017: Oy, ). (7)

One of the angular correlations was measured with the
proton detector at a fixed angle 6, and with the y-ray
detector moving in the ¢, =0 plane. The proton-detector
angle was then changed to its supplementary (c.m.)
angle (r—0,) and the y-ray detector moved in the
¢,=m plane.

Results of this measurement are shown in Fig. 7.
Although the predicted compound-nucleus cross section
agrees reasonably well with the cross section for the
proton detector in the backward quadrant, it is obvious
that the correlation does not agree with the symmetry
predicted by Eq. (7). The breakdown of the predicted
reaction-plane symmetry was one of the reasons we
extended these measurements to the perpendicular
(¢y=—%m) plane.

Perpendicular-Plane Correlations

The results of the perpendicular-plane angular cor-
relations (¢,= —3%w) are shown in Figs. 8 and 9. Meas-
urements were made at a series of 10 laboratory bom-
barding energies as indicated by the arrows in Fig. 3.
The data is displayed in two parts: the first (Fig. 8) is
the absolute double-differential cross sections measured
at bombarding energies corresponding to peaks in the
yield curve; the second (Fig. 9) is the cross sections
measured at bombarding energies corresponding to
minima in the yield curve.

Within statistics, all of the perpendicular correlations
were symmetric about the normal to the reaction plane
in agreement with the predicted model-independent
symmetry of Eq. (2). We used this predicted model-
independent symmetry as a check on the experimental
apparatus and alignment.

After the data were analyzed by least-squares fitting,
it appeared (as seen in Figs. 8 and 9 and Table I) that
the predicted compound-nucleus symmetry of Eq. (3)
was broken more for those bombarding energies cor-
responding to peaks in the yield curve than for energies
corresponding to minima in the yield curve. For this
reason, we have presented our data in two figures. At
each bombarding energy, angular correlations were
measured for the proton detector at an angle 8, and
for the supplementary (c.m.) proton detector angle
(r—65,). The absolute angular correlation coefficients
for the data are summarized in Table 1.

There are a number of interesting observations that
can be made concerning these data. (1) Except for the
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F1c. 8. The results of perpendicular-plane absolute angular cor-
relations for six energies corresponding to peaks in the yield curve.
The square data points correspond to angular correlations meas-
ured with the proton detector at an angle of 47°, while the circles
correspond to data for the proton detector at the laboratory angle
of 131° (supplementary in the center of mass). The solid curves
are absolute double-differential cross sections calculated using the
code BARABARA and accounting for all open exit channels. The
dashed curves are BARBARA calculations assuming no extra exit
channels.

bombarding energy of 4.76 MeV, the results of the
statistical-model computations using BARBARA, and
accounting for all open reaction channels, agree quite
well with the measured correlations for that geometry
wherein the proton-detector angle is in the backward
quadrant. (2) At all bombarding energies the cross
sections measured with the y-ray detector along the
direction perpendicular to the reaction plane (the so-
called spin-flip direction) agree within statistics for the
proton detector at both forward and backward angles,
ie.,
W0y, 3m, —3m) =W (7—0,, §m, —3m).

(3) At bombarding energies corresponding to peaks in
the yield curve, the CN symmetry is broken and in all
measurements the cross section is larger for the proton
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detector in the forward quadrant rather than the back-
ward quadrant.

It is the results of (3) that give us some hope that
perpendicular correlations might be a sensitive test for
measuring absolute direct-reaction contributions to this
reaction. Direct reactions are generally characterized
by a large forward scattering component. Consequently,
the observation that the correlation yield is greater for
the proton detector in the forward quadrant is consistent
with the possibility of a direct-reaction contribution.
It is tempting to speculate that the difference between
the BARBARA prediction and the experimental yield
might be due to such a direct contribution, but it is
indeed perplexing that this difference is greater at
bombarding energies corresponding to peaks in the
yield curve rather than at the minima, for one might
have argued that the peaks of the yield curve, where the
CN contribution is the strongest would be the least
likely place to observe direct-reaction contributions.
On the other hand, the minima in the yield curve where
CN resonances are smallest would be the most likely
place to observe direct-reaction contributions. The
results of our conclusions will be discussed more fully in
Sec. V.

Spin-Flip Cross Section

Schmidt et al.® have recently pointed out some appli-
cations of a powerful theorem by Bohr? concerning

TasLE L. Coefficients of the perpendicular correlations corrected
for the finite size of the y-ray detector:

Po/dQdQy= Y, ArPr(cos) (mb/sr?).

k=0,2,4
E, MeV) 6, 4o A2 Ay
414 47 1.00+0.01 0.420.04 —0.31+40.06
: 131 0.85+-0.02 0.3240.06 —0.13+0.10
423 47 1.274-0.02 0.7140.05 —0.31+0.09
: 131 1.194-0.03 0.41+-0.09 —0.78+0.13
4.38 47 0.7340.01 0.31+0.03 —0.21+0.06
* 131 0.69+0.02 0.20-+0.04 —0.1740.08
4.63 40 1.45+0.02 0.80-+0.18 —0.794-0.26
: 137 1.08+-0.03 0.360.11 —0.34+0.14
4.76 47 0.7740.02 0.34+0.04 —0.363-0.07
; 131 0.65-0.02 0.15+0.04 —0.39+0.07
4.89 47 1.51+0.02 0.784-0.05 —0.3740.09
’ 131 1.194:0.05 0.47+0.19 —0.39+0.28
5.16 47 1.58+0.03 1.01+40.09 —0.64+0.13
. 131 1.29+0.02 0.62+0.08 —0.26+0.10
525 493 1.21+0.05 0.59-+0.14 —0.63+0.22
) 130 1.10+:0.04 0.22+0.12 —0.56-0.19
5.46 47 1.11+0.03 0.59+4-0.11 0.03+0.14
. 131 0.91+0.03 0.15+0.12 —0.08+0.16
6.08 47 0.91+-0.03 0.39+0.08 —0.26+0.12
: 131 0.78+0.02 0.360.07 —0.08+0.11

20 F. H. Schmidt, R. E. Brown, J. B. Gerhart, and W. A
Kolanski, Nucl. Phys. 52, 353 (1964).
2L A, Bohr, Nucl. Phys. 10, 486 (1959).
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F1c. 9. The results of perpendicular-plane absolute angular
correlations for four energies corresponding to valleys in the yield
curve. As in Fig. 8, the square data points are for a proton-
detector angle of 47°, the circle data points for the supplementary
proton detector angle of 131°. The dashed curves are BARBARA
calculations assuming no extra exit channels, while the solid
curves are BARBARA calculations accounting for all open exit
channels.

nuclear reactions. Bohr has shown that for a reaction
invariant under the operation of reflection through the
reaction plane, the following is true,

Pi eXp(iﬂ"Si)'—‘Pf exp(imS'f) ,

where P; and P; are the intrinsic parities of the initial
and final systems and S; and S are the sums of initial
and final spin projections along the perpendicular to
the reaction plane. Schmidt has shown that for a
0t— 2+— 0% reaction only transitions from the
m==1 magnetic substates (of the 2+ state) can con-
tribute to radiation along the normal to the reaction
plane. For inelastic proton scattering, the population
of the m= =1 magnetic substates is uniquely associated
with spin flip of the proton.
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measured for various proton-detector angles. The solid
curves in the figure are the cross sections calculated using
the code BARBARA.

The spin-flip probability has been shown by Schmidt
to be

d%a (0, 3m, —37) do
5= /(Y= =),
49,49, a9,

where W, is the distribution function for pure (I=2,
m==1) radiation. In this relationship we have
neglected the small (but finite) contribution of the radi-
ations from the m==-2 and m=0 substates which con-
tribute radiation due to the finite size of the y-ray
detector.

In Fig. 11 we have chosen to plot the spin-flip
probability as a ratio of measured-statistical-model
calculations.

Spin-flip ratio=.S (measured)/S(BARBARA) .

Op ($p=0°) Degrees

F1c. 10. Spin-flip angular correlations are shown as absolute
double-differential cross sections at three proton bombarding
energies. In the spin-flip geometry, the y-ray detector is fixed
along the direction perpendicular to the reaction plane. The curves
are statistical CN calculations using the code BARBARA for zero-
and all-open exit channels.

The results of the measured double-differential cross
sections taken in the spin-flip geometry are shown in
Fig. 10 for three proton bombarding energies. With the
v-ray detector fixed at a position normal to the reaction
plane (6,=3%m, ¢,=—3%m), angular correlations were
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Fic. 11. The energy dependence of the spin-flip ratio is plotted
for the case where the proton detector is at an angle of 131°. The
measured spin-flip contribution was obtained from the data of
Figs. 8 and 9. The spin-flip contribution is plotted as a ratio of
the measured spin-flip cross section to the statistical CN spin-flip
cross section.
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Fic. 12. The angular dependence of the spin-flip contribution
to the reaction is plotted at a bombarding energy of 5.25 MeV. The
solid curve is the spin-flip probability as calculated using the code
BARBARA.

Figure 12 represents the angular dependence of the
spin-flip probability at a bombarding energy of 5.25
MeV, the only energy at which both spin-flip cross
sections and proton angular distributions were meas-
ured. Within statistics, the statistical compound-
nucleus mechanism accounts for the spin-flip cross
section for the backward quadrant. However, at the
forward scattering angles, the measured spin-flip is
almost twice the calculated compound-nucleus con-
tribution. The latter result again suggests the presence
of a direct-reaction contribution.

The energy dependence of the spin-flip ratio at a
proton-detector angle of 131° is shown in Fig. 11. Over
the energy range of interest, and within statistics, the
statistical-compound-nucleus mechanism appears to
satisfactorily account for the complete spin-flip part
of the interaction. This result is not inconsistent with
the observation of the angular dependence of the spin-
flip ratio since the energy dependence was measured at
a backward angle at 6,=131°.
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V. DISCUSSION
How Statistical is ‘“Statistical’’?

One of the intests of this experiment was to investi-
gate whether the relative contributions of CN and direct
mechanisms could be deduced from the perpendicular
correlations. In order to extract direct-reaction con-
tributions from this reaction however, it is necessary to
have reasonable assurances that the application of the
statistical model is valid in this region of mass-number
and excitation energy (~11 MeV). Many previous
experiments have shown that compound-nucleus reac-
tions are dominant for bombarding energies near the
classical Coulomb barrier energy such as in this experi-
ment. However, unless one is dealing with a region of
excitation energy wherein the excitation curve is com-
posed either of individual isolated resonances or where
one has a high density of overlapping resonant states,
computations are very difficult. Consequently, titanium
was chosen as a target nucleus with the expectation that
at this mass number, level densities may be approaching
those best described by the statistical model and yet
the Coulomb barrier would not be greater than the
bombarding energy available from our accelerator.
Hence the first question to be answered is the following:
“How valid is the assumption that the statistical model
is a good approximation of the CN reaction at these
excitation energies?”

A cursory glance at the yield curves of Figs. 3 and 4
gives little assurance of good statistical mixing. Over
the energy range of interest there are a number of well-
defined, intense, peaks which persist at both angles
where excitation curves were measured. These peaks
more nearly resemble the isolated resonances observed
for light nuclei than the Ericson-type?? fluctuations ob-
served in heavier nuclei and at higher excitation ener-
gies. However, level-density studies performed on nuclei
in this mass range indicate level separations of ~5 keV,
whereas the widths of the peaks in the Ti yield are ap-
proximately 100 keV. Consequently, it is likely that the
peaks in the yield curve are not single isolated reso-
nances. In Fig. 5 we have averaged the measured yield
curve over an energy interval of 200 keV and compared
this average yield curve to the predictions of BARBARA.
It can be seen that for this energy interval, the statisti-
cal CN model gives excellent agreement with the aver-
aged yield curve. This indicates that an experimental
energy spread of 200 keV would have yielded more
nearly those conditions approximating statistical aver-
aging than the actual beam spread of 40 keV.

There have been a number of recent studies investi-
gating the distribution of spacings of nuclear energy
levels. One of these, most germane to the problem in
question for this experiment, was recently reported by
Huizenga and Katsanos.?® They examined the experi-

2T, Ericson, Phys. Rev. Letters 5, 430 (1960).
3 J. R. Huizenga and A. A. Katsanos, Nucl. Phys. A98, 614

(1967).
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mental spacing distribution for 980 nuclear levels of
mixed spin and parity from 18 different nuclei in the
mass range of 4 =236 to 66. They report that the spacing
distribution of the measured levels is essentially ex-
ponential in character in agreement with the prediction
of randomly occurring levels of mixed spin and parity.
The total number of levels up to excitation energy U is
given by N (U) which is fit with an equation of the form

N(U)=C¢eVlr,

where C and 7 are constants derived for a particular
excitation-energy range. We have obtained the con-
stants C=2.7, r=1.19 MeV, by extrapolating the fits
of Huizenga and Katsanos. Hence, for an excitation
energy of 11.75 MeV (corresponding to a bombarding
energy of 5 MeV), we obtain for the average level spac-
ing in the CN V* the value of 0.02 keV. These results
predict approximately 1800 CN levels overlapped by
our beam energy spread of 40 keV.

As a final test of the validity of the statistical model in
describing this reaction, we can examine the success of
the statistical model in predicting the double-differen-
tial cross sections measured in this experiment. With
but a few exceptions, the statistical-model calculations
using the code BARBARA are in excellent agreement
both in magnitude and shape with the measured double-
differential cross sections for those reactions wherein
the proton detector is in the backward quadrant,

p=131°. This is true for the measured yield curve, the
perpendicular correlations, and the spin-flip cross sec-
tion. It seems unlikely that such agreement would be
accidental over such diverse experimental conditions.

In conclusion, it appears that even if there are not a
statistically large number of levels within our beam
energy spread, there are certainly a large number of
levels. This gives us confidence that the statistical CN
model gives a reasonable description of the measured
correlations in this experiment. Assuming this to be
true, we shall proceed to investigate how one might
extract from the data that fraction of the reaction due to
direct processes.

Direct-Reaction Contributions

For the measurements wherein the proton detector
was in the forward quadrant at 6,=37°, the agreement
between the BARBARA calculations and the measured
perpendicular correlations is not very good, particularly
at bombarding energies corresponding to peaks in the
yield curve (see Fig. 8). There are a number of possible
explanations that could account for these facts. We
shall discuss two of these: (1) If within the experimental
energy spread a statistically large number of (CN)
overlapping levels of random phase were not excited,
then interference effects between CN states might not
average to zero, thus giving rise to asymmetries about
90° (c.m.) for the proton angular distributions and the
angular correlations; (2) direct reactions are occurring
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in this experiment and are contributing to the measured
cross section. There is also the possibility of a combina-
tion of these two.

While it is of course impossible to rule out (1) com-
pletely, it is difficult to understand why this fact would
not lead to disagreements between statistical CN pre-
diction and experiment at all proton-detector angles.
We have observed, however, that for the proton detector
in the backward quadrant, the statistical CN predic-
tions fit the measured correlations in both magnitude
and shape. It is for those measurements wherein the
proton detector is in the forward quadrant that agree-
ment between calculations and measurements is poor.
It is just this observation however that leads us to con-
sider (2) as a real possibility since direct-reaction con-
tributions tend to be peaked in the forward hemisphere
and differences between the data and the statistical
model predictions would, on the basis of (2), be expected
to be larger at forward angles rather than at backward
angles. Because of the statistical uncertainties in the
data, the presence of a small direct contribution might
not be experimentally detected at a backward proton-
detector angle. However, because of the forward-
peaking nature of direct reactions, even a small direct-
reaction contribution might be experimentally detect-
able when the proton detector is in the forward
quadrant.

An examination of Fig. 9 shows that at energies cor-
responding to valleys in the yield curve, the measured
double-differential cross sections are essentially the same
within statistics for the proton detector in both the
forward and backward quadrant. It is only at bombard-
ing energies corresponding to peaks in the yield curve
wherein we observe the forward-backward asymmetry
(see Fig. 8). Initially this was puzzling for we expected
that the peaks of the yield curve where the CN contri-
bution is the strongest would be the least likely place
to observe the direct-reaction contributions, whereas the
minima in the yield curve where CN contributions are
weakest would be the most likely place to observe
direct-reaction contributions. This supposition seems
likely if the direct-reaction contributions are incoherent
with the CN contributions so that the cross sections are
additive. If, however, the direct and CN contributions
are coherent, then one would expect to observe the
maximum interference at those energies where the
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amplitudes of either process are largest, i.e., the peaks
of the yield curve. Of course such interference should
occur whether the proton detector is in the forward or
backward quadrant. However, if the direct contribution
is small compared to the CN contribution, one might be
unable to observe the interference experimentally with
the proton detector in the backward quadrant.

The suggestion that the direct and CN contributions
are coherent is however inconsistent with the statistical-
model assumptions. The random-phase assumption of
the statistical model implies that all interferences aver-
age to zero and thus there can be no interference be-
tween direct and CN contributions. Therefore, since
interference is required to explain the symmetry break-
down for the correlation on the peaks, the basic assump-
tions of the statistical model cannot be completely
satisfied for this reaction. We hope, in the near future,
to be able to make quantitative determinations of the
ratio of direct to CN contributions and the effects of the
interference. As a gross upper limit to the direct-reaction
contribution to this reaction, we can assume the con-
tribution is incoherent with CN processes and subtract
the double-differential cross sections for the forward
and backward correlations. The results of this subtrac-
tion gives an average maximum direct-reaction con-
tribution of about 15%,.

Recently, Steiger? has measured reaction-plane angu-
lar correlations between neutrons inelastically scattered
to the first excited state and de-excitation y rays for
the Mg*(n,n'y) 1.37 MeV and Fe®(n,n'y)0.84 MeV
reactions. His results also show a marked departure
from the CN predicted symmetry for bombarding en-
ergies corresponding to maxima in the yield curves. In
the case of the Fe® reaction, Steiger indicates the
likelihood of competition from the direct-reaction
mechanism.
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