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Detailed results of the investigation of the in-beam y rays from 140 MeV n particles incident on the
deformed nucleus "Al are 'presented. They are supplemented by experimental evidence obtained from the
observed differential cross section measurements for p, d, t, h, and a particles in the discrete portion of
the energy spectra. Striking spectroscopic similarities are observed for the strongly excited states in residual
nuclei both near and considerably removed in X and Z from the target nucleus. Some of these involve
related collective states exhibiting strong quadrupole excitations.

NUCLEAR REACTIONS 2 Al(o. , P), (n, d), (n, t), (n, h), (0,', G"), (e, x-y),
~ E~ =&40 MeV; measured E&, o&, cross sections for producing specific levels

in residual nuclei, Doppler broadening, v(0, E) for discrete energy groups p,
d, t, h, n„deduce reaction channel characteristics. Ge(Li) detector.

I. INTRODUCTION

A comprehensive set of experiments" was un-
dertaken to investigate the reaction mechanism
characteristics operating when energetic a parti-
cles are incident on a deformed nucleus. Another
motivation was the desire to bridge the gap be-
tween the extensive studies that exist for protons
and heavy ions used as projectiles. The limited
fragmentation possibilities of the e particle com-
pared to heavier ions also allows for an easier
interpretation of the complex residual nucleus
spectrum produced. The deformed target nucleus
'Al was selected primarily because of the sub-

stantial amount of known information concerning
possible levels in expected residual nuclei.

Statistical model calculations have attempted to
account for the major features of reactions such
as the one studied here in terms of a combination
of pre-equilibrium and evaporation processes.
It was also felt desirable to establish the limits of
validity of such models for the present case.

Experiments involving the detection of in-situ
y rays, charged-light particles withe. ~4, and
heavier ions with& & 4 were undertaken in this
laboratory. The results for p, d, t, h, and ~
particles in the continuum region are reported
elsewhere. ' Experimental results for these par-
ticles in the discrete region of the energy spec-
trum and the experimental y-ray results bearing
on specific nuclear states are reported in this
paper. Results obtained from the detection of ions
withe &4 without regard for individual level in-
formation, various theoretical calculations, and
general conclusions are reported in Ref. 8. It is
found that the combination of such data permits a

satisfactory determination of the main features of
the various reaction processes. A more detailed
explanation of these results is described in Refs.
1 and 2.

II. EXPERIMENTAL METHOD

The experiment was conducted at the University
of Maryland cyclotron facility on a low background
station especially designed for y-ray measure-
ments. Most of the y-ray data were acquired using
an aluminum foil target with a thickness of 14.2
mg/cm, mounted in a hydrocarbon plastic frame.
The beam spot on the target was generally of order
2 &2 mm. A total charge of 28 p. C was accumulated
during the main experimental run. To further
eliminate possible extraneous background, this run
was taken in part with a thick lead collimator and
shield and in part without any collimation. With
the collimator and shield in place, only the plastic
target box windows and target frame could be seen
by the y-ray detector.

A software computer program' was developed
that permits timing information to be obtained
using the cyclotron beam fine structure as a time
reference for the observed y-ray events. Fast
timing measurements indicate a cyclotron fine
structure beam burst width (for the generally ob-
tainable single turn extraction) of less than 1.2 ns
repeated in the case of 140-MeV n particles every
90 ns. Twelve contiguous analyzers with adjustable
time widths may be set as desired with reference
to the RF stop signal generating the time-to-
amplitude converter (TAC) output.

Figure 1 shows the TAG output spectrum ob-
tained during an in-situ, y-ray run. The prompt
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FIG. 1. The time-to-amplitude (TAC) spectrum with in-situ y rays providing start events and the cyclotron rf provid-
ing the stop events. The twelve derived time windows are indicated, three narrow windows (7.5 ns) for determining the
so-called prompt events and the wide window (40 ns) for the so-called delayed events.

y-ray events occur within a peak having a time
width equal to 4.0 ns (FWHM). Several 2.5 ns
wide channels were set covering this peak and a
few other wider channels were set to its delayed
time side, allowing the observation of y-ray Spec-
tra originating within a number of short time in-
tervals after the beam strikes the target.

Throughout, we refer to spectral lines associ-
ated with the three channels totalling 7.5 ns in
width and centered on the TAC peak. as the Prompt
spectrum. A very broad 40-ns-wide window is
set to give the major information on the time
delayed spectrum. This delayed window includes
radioactive events, long-lived meta-stable decays,
and the neutron-induced secondary reactions with-
in the y-ray detector itself. A slow-rise-time
(SRT)-reject circuit was used to eliminate y-ray
pulses giving artificially delayed time signatures
due to the long collection time for charge carriers

in the detector. This is particularly severe for
low energy everits.

A coaxial Ge(Li) detector, with 10% efficiency
relative to a 7.6&7.6 cm NaI detector at 25 cm,
was used to detect y rays up to 10 MeV in energy.
A planar intrinsic Ge detector (2.5 cm D X1.0 cmH)
was used for detecting the lowest-energy y rays.
Kith the SRT-reject circuit, useful timing inform-
ation was available down to =30 keV with this de-
tector. Figure 2 shows a portion of the prompt
spectrum obtained with the Ge(Li) coaxial detector.

Absolute efficiencies for the detectors were de-
termined up to an eriergy of 2615 keV using nu-
merous radioactive sources placed in the target
position. The efficiencies were extended up to 10
MeV for the Ge(Li) coaxial detector, from calcula-
tions based on results reported. iri the literature
for comparable detectors. ' Figure 3 shows a
portion of the high-energy spectrum obtained for
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FIG. 2. A portion of the low-energy, prompt, in-situ, y-ray spectrum with prominent lines identified. Energies are
indicated in keV.

this detector. Relatively weak lines not too
severely Doppler broadened, such as the 6.246-
MeV line in Mg (width, FWHM =7 keV) with a
cross section 0,=0.35 mb, may be readily ob-
served. The absolute efficiency of this detector
varied from 5 &10 at 500 keV to 5 &10 5 at 8 MeV.
The coaxial detector resolution of 2.0 keV at 1
MeV and the overall stability of the electronics
permitted y-ray energies to be determined to bet-
ter than +0.2 keV in the delayed spectra where
there is little Doppler broadening. The planar
detector had less than 1 keV resolution throughout
the range below 500 keV.

A comparison of the two collimator arrange-
ments is shown in Fig. 4. The upper curve is for
a run with the lead collimator and shield, while
the lower one is for a run without collimation. The
comparison is necessary, primarily to establish
the fact that no significant contribution to the
prompt spectrum arises from any stray or scat-
tered beam striking the beam transport system
during the in-situ runs. In addition, careful
stripping of the important 3004-keV line in Al
from the spectrum in all time slices and. with
both collimator geometries showed that within the

ability to define the background, the events al-
located to the prompt time window was the same
for both geometries. However, for the uncol-
limated geometry, there were some 3-5% addi-
tional events in the time window 5 ns later than
the TAG peak (and outside the selected prompt
window) which were also low-energy skewed. Ex-
cept for the above effects, the similarity of the
two curves in Fig. 4 demonstrates the essentially
pure, target-related nature of the detected y-ray
events.

The data were accumulated and stored on tape,
with the IBM 360/44 on-line computed facility at
the University of Maryland cyclotron, utilizing a
software program developed at this laboratory. '
Data striping for peak locations, widths, areas,
and their errors were found, using a light-pen in-
teractive program PKAK2 3 based on the analysis
of Mariscotti. '

The extensive data collected by the group of Ref.
7 also included information on protons, deuterons,
tritons, He, and a particles with discrete ener-
gies indicating two-body processes with excitation
energies up to 15 MeV in the residual nuclei. The
relevant data tapes were made available for de-
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FIG. 3. A portion of the high-energy, prompt, in-situ, y-ray spectrum with prominent lines identified. The ener-
gies are indicated in keV. The weakest y ray indicated is determined to have a cross section of cy 350 mb.

tailed analysis for present purposes.
These light particles were observed in a 1.5-m

scattering chamber, employing two separate ex-
ternally rotatable detector arms. One arm
carried a particle telescope with a 500 p m thick
Si ~-detector and a 4-mm thick Si(Li) Z detector
(set at a 60' angle) for charge-two particles, while
the other arm held a telescope consisting of two
Si ~-detectors, one 100 p. m thick and the other
1 mm thick, followed by a 7.6 cm NaI crystall'
detector for detecting singly charged particles.
The energy calibration of these telescope elements
permitted a computer software program to give
unique particle-type identification.

A thin Al target of 1."I2 mg/cm was used in

the main experimental runs with charge accumu-
lation in the range 30-40 p, C. The two telescopes
subtended similar solid angles of order 2.5 X10
sr. At small angles the angular distribution was
taken at 5' intervals with larger steps beyond a
laboratory angle of 45'.

III ~ EXPERIMENTAL RESULTS

Over 170 prompt y-ray lines attributable to the
primary target reaction were observed, and all

identified. In addition, over 40 delayed lines were
also identified. Prompt y-ray production cross
sections were observed to range from a high of 78
mb to an average lowest detectable value of a few
hundred microbarns. An additional possible 50
y-ray lines were assigned upper limits for their
production cross sections.

Table I presents the resultant cross sections for
the production of particular excited states in each
residual nucleus by direct excitation and/or by y
feeding from unidentified higher lying states. y
feeding by transitions from identified states has
been subtracted. The observed linewidths (FWHM)
are also in kilovolts; when no significant Doppler
broadening is evident, the linewidth is referred to
as standard (STD). The y-ray cross sections are
computed on the assumption of isotropic angular
distributions. Table II presents the resultant
cross sections for ground-state P decays deduced
from the delayed spectra. Production cross sec-
tion for a particular residual nucleus based solely

1

on the observed y-ray intensities will be referred
to as gamma-ray-based (GRB) cross section.
These of course fail to include any direct ground
state population and may miss weak transitions,
particularly for Doppler-broadened, high-energy
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FIG. 4. Corresponding portions of the midenergy, prompt, in-situ, y-ray spectra with prominent lines identified.
The energies are indicated in keV. The upper spectrum was obtained with a thick lead collimator and shield, the lower

spectrum without collimation. The upper curve has been shifted upwards by 0.10 log~o units in order to separate the

two curves which were taken for the same integrated beam charge.

y rays. In the case of P-decay-produced y rays
all cascading and direct ground state population
are of course included. y rays were identified
with the decay of particular residual nucleus levels
by using the excitation energy, lifetime, and

.branching ratio compilations.
Most of the lines in the prompt spectrum showed

Doppler broadening, particularly if the relevant
lifetime was under a picosecond. All of the data
were taken at 90 to the beam direction, thus pro-
ducing only symmetrically broadened lines. The
extreme difficulty of reliably fitting the shifted
and distorted Doppler shapes for angles other than
90'would prevent detection of anisotropies as
large as 25%%uo. The Ge(Li) detector at 90 subtended
a cone with a half angle of 13'which corresponds
to an effective solid angle of 23%%ua of a sphere due
to the presence of axial symmetry. The quoted
y-ray yields based on assumed isotropy might
have an estimated uncertainty of the order of 20%%uc.

For example, the production:yields for Al and
Na as deduced from prompt y-ray yields agree

rather well with the P-decay yields (provided a

small allowance is made for unobservable direct
ground state production).

The discrete line spectra for high-energy &'s,
He, tritons, and deuterons from the correspond-

ing (u, o'), (o,h), (o, t), and (o. , d) reactions are
presented in Figs. 5, 6, 7, and 8, respectively.
The excitation energies and corresponding angle-
integrated cross sections are given.

Finally, the results for the total production cross
section of residual nuclei in the inclusive reactions
~A1(n, x) at E„=140MeV are given in Fig. 9.

These values are based only on y-ray evidence for
lines actually observed as detailed above. No es-
timates based on upper limits for masked lines
are included. The quoted results do not include
nuclear events directly feeding the ground states
or unobserved transitions to the ground state from
weakly excited levels, particularly those involving

high-energy y rays that might'be considerably
Doppler broadened. The -exception is for p-decay-
ing nuclei for which the delayed y rays in the
daughter have been observed. These values have
an asterisk label in Fig. 9.
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TABLE I. Cross sections from prompt spectra for 140-MeV & particles interacting with
27A1.

Residual
nucleus

&ex
{MeV)

Final
level

Linewidth
(ke V)

a
Oy

{mb}

b
~x

(mb}

Li

~Be

Ll

10B

l|B
12B

12(

13C

14C

N

15N

i5O

17F

18O

18F

"Ne

18F

0.478(I)

o.429(r)

O. 981(I)

0.718(I)

2.124(r)

O.953(I)

4.439(I)

3.853(r)

6.728{I)

2.311{I)

5.106(II)

5.832(Irr)

5.269(r)

5.299(rr)

5.183(I)

5.239(rr)

6.129(I)

6.917(II)

7.117(III)

8.870( IV)

1.37O(r)

0.871(I)

3.O6O(II)

3.85o(rrr)

o.496(r)

1.9S2(I)

O. 937(I)

1.042(rr)

1.081(III)

1.122(IV)

1.7o1(v)

2 ~ 101(VI)

2.524(vrr)

3.060(VIII)

1.887(I)

o.11o(r)

0.197(II)

1.346( III)

1.459(rv)

2

2

2'

p+

2

Q+
2

j +
2

~+
2

3

2

2

g+
2

0

2

Q+
2

0, II

0

0

o, rr

. 0, I

STD

100

STD

STD

10, STD

5.8

STD

STD

7.5

all STD

STD

STD

STD

STD

STD

4.6, STD

5, 3.2

STD

STD

STD

1.2

0.7

0.07

0.7

0.1, 0.5

—0.2

0.2

4 p

d, 0.7

2.0

0.2

2.5

2.7

0.5

0.4

0.3, 0.6

0.5, 0.5

8.0

3.1

«2

«2

1.2
—0.5

«p 4

0.07

0.7

0.5

0.6

«0.3
~P 0

0.2

4.0
«1

«2

2.0

«1

0,2

2.2

«0.1
«0.1
«0.2

0.9

1.5

«0.5
—0.4

4 ' 9

3,1
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TABLE I. (Continued).

Hesidual
nucleus

~SNe

20F

20Ne

2iF

2~Ne

"Na

22Ne

-Na

&ex
(Me V)

1.554(V)

2.780( VI)

3.9ov(vrr)

4.64s(vrrr)

o.238(r)

0.275( II)

0.656(I)

0.823(II)

1.634(r}

4.96v(rr)

0.280(I)

0.351(I)

«.v46(rr)

2.vsg(rrr)

2.796(rv)

2.866{V)

3.662(VI)

3.v34(vn)

3.883(VIII}

4.432(rx)

5,525(X)

o.332(r)

1.275(I)

3.357(rr)

4.45v(rn)

5.144(rv)

5.335(v)

5.36o(vr)

5.523(vn)

5.641(vrrr)

5.914(rx)

6,.305(x)

V.537{XI)

««.o«o(xrr)

0.583(I)

0.657( Il)

o.sg«(rrr)

1.528(IV)

1.937(V)

1.952(vr)

~+
2

~(+)

~+
2

~+
2

2

(2', 4')

f+
2

Q+
2,

2

2

2

Q+
2

2

~+
2

2

~+
2

~+
2

2

(1,2)'

(4, 5)'

(6, S)

0+

Final
level

n

VI

O, I

V

I, nI

VIII

0, III

Linewidth
(ke V)

5.5

5.9

STD

STD

STD

all STD

4.0

STD

STD

30, 35

STD

STD

28

15

all STD

STD

STD

STD

all STD

52

0

(mb)

1.3

0.5

1 4

2.8

0.9, 2

13.3

1.5

35

0.5

8, 15

1.7
1'5.8

54
0.6

0.3, 0.5

0.3

0.5

15

1.4
5.7

4.2, 0.3

b

(mb)

«10

0.2

0.5

1.4
0.8

2.9

11.8

1.5
«0.1
—3

0.6

—0.5

1.7
8.1

5 4

0.1

0.8

0.7

«0.5

«0.3
«1

«0.6

0.5

0.5

5.5
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TABLE I.' (Continued).

Hesidual
nucleus

&ex
(Me V)

Final
-level

I.inewidth
(ke V)

a
Oy

(rnb)

22Mg

"Na

23Mg

Mg

1.983(VII}

2.212(vrrr)

2.5v2(rx)

2.969(X)

3.060(xI)

:3.521(XII)

3.708(xrrr)

3.945(xrv)

1.247(I)
' 0.440(I)

2.076(n)

2.391(III)

2.640( IV)

2.704( V)

2.9S2(VI)

3.6vs(vrr)

3.848(VIrr)

3.915(rx)

5.536(X)

6.236(XI)

0.451(r)

3.v95(rr)

0.473(I)

0.563(II)

1.341(III)

:1.345{IV)

1'.347(V)

1;512(vr)

l.846( VII)

3.21v(vrrr)

3.657(IX)

l.369(I)

4.123(rr)

4.238{III)

5.236(rV)

6.010(V)

6.431(vr)

. 7.348(VII)

v.553{vrrr)

v.616(rx)

z+
2

~+
2

z+
2

2

~+
2

x+
2

g+
2

: (L. Z M)+

(X M)

~+
2

2

2(+)

3(+)

(3+) 5+

(2, 4)

0

VI

vr

VI, VIII

IV-

0

0

0

0

II, V.

V

0

0, II

0

IV

0

0

0

O, I

STD

STD

STD

3, 4

STD

30

40, 13

120

20, 50

STD

STD

STD

10

3, 3.6
STD

5.9

16

0.9

0.7

0.9, 0.4

c

18, 9.9

9.0

=1, 6.6

0.3

13.5
, 4. 5

0.4, 0.5

0.9

- 0.3

0.2, 0.4

0.5

0.9

«2

«2

«0

«0.3

—0.2

26.2

«1.5
«0.2

«0.6

«0.8

«2

8.0

1.7
0.3

8.1

2.7

0.9

—0.5

«1

0.5

50

28

—1.5
—1.5
—0.3

«0.7

«1.5
0.6
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TABLE I. (Continued),

Residual
nucleus

~ox
(Me V}

Final
level

Linewidth
{keV)

g
y

(mb) (mb)

"Na

2'Al

Mg

26A1

8.120(X)

9.2 99(XI)

0.089(I)

0.585(I.)

0.975(II)

1.612(III}

1.965(IV)

2.564{V}

2.734(vr)

2.801(VII)

3.405(VIII)

3 414(IX)

3.903(X)
' 3.966(XI)

4.055(XD)

5.245(XIII)

5.455(XIV)

0.451(I)

0.945{II}

. 1.613(III)

1.790(IV)

2.485(v)

2.673{VI)

2.721(VD)

3.424( Vm)

4.025(IX)

1.809(I)

2.938{II)

3.588(III)

3.941(IV)

- 4.320(V)

4.332(VI)

4.350(VD)

4.835(VIII)

4.901(IX)

4.972(X}

0.228(I)

0.417(II)

1.058(III)-

1.759(IV)

{6+)

(4)

g+

2

2

Jl. P

2

(2)
X+
2

~+
2.

2+
2

(~2)'

a+ x'
(2 y2 )

2+

p+

(2)'

0+

0

0

O, I

0

, 0, I, II

0

0, III

0

VIII

Q, I

0, IfI

0

0

O, I

0

12.0

6.0, 5.7

8., 3.5 0.5, 2.5

C

C

all STD

20

20, 5.0

0.6, 0.6
1-0

2.0, 2

—, 20.

C

C

0.5, 3

13.5

8, 5

60.4

1.9, 16.6

5;7

1.8, 3

2.1

1.6
C

STD 1.9

4.0, 4,0, STD 0.8, 1.7, 0.6

C

2..6
C

«3

«0.2
«0.3

4.6

8.5

2.8

3.1

«0.4

1.2
—0.5

«0.2

«0.6
«0.2
«0.6

1.2

6.6

«0.1
«0.4
«p

3.5

«0.3

34.2

14

«1.5
1.9

«0.3
«0

8.3

2.0
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TABLE I. (Continued).

Hesidual
nucleus

&ex

(Me V)

Final
level

Liners'

idth
(ke V)

0 R

(mb) (mb)

Si

1.850( V)

2.0687( VI)

2.o695(vrr)

2.072( VIII)

2.365(IX)

2.545(X)

2 661(XI)

2.739(XII)

2.913(XIII)

3.073(XIV)

3.160(XV)

3.403(XVI)

3.508(XVII)

3.596(XVIII)

3.918(XIX)

0.984(r)

1.698(rr)

0.844(I)

1.015(II)

2.211(III)

2 ~ 734(IV)

2.981(V)

3.004( VI)

3.678( VII)

3.956(VIII)

4.054(IX)

4.409(X)

4.510(XI)

4.58o(xrr)

4.812(XIII)

5.432(XIV)

5.5oo(xv)

6.464(XVI)

6.512(XVII)

6.605(XVIII)

6.651(xrx)

7.399(XX)

7.443(XXI)

0.780(I)

0.957(II)

(2, 3)'

(2, 3)+

(2, 3)'
-(5+ )7+

~+
2

~+
2

+
2

2

~+
2

2

~+
2

tL+

2

2

(X X)+

(X Z)-
X+
2

~+
2

2
2

2

~+
2

~+
2

2

~+
2

2

2

(X M)+

Q+
2

2

II, III, VII

VII

VII

VII

VII

O, I

o, rr

0, III

rrr, vr

0, III

XI

XII

VI, XV

STD

10, 4.5

all STD

STD

30

22

STD

STD

STD

all ST@

39

—,21

51, 11

50, 8

4.p

9.8, 8

69, 30

0.7

2, 4.7

0.5, 0.4, 2.p

1.6
0.5

5.5

C

4.9

2.0

1.4

15.2

21.2, 0:6

d, 2.9

24.0, 2

1.2, 0.7

3 2.7

0.4

2.1, 3

d

C, C

0.5

1.4

«2

«0.1

3.5

2.6

0.8

5.5

«1

2.8

«0.8

«0.2

6.1

2.0

1.4
13.0

18.3

25.2

3.9
—0.5

21.3

1.9
«0.8

1.2
«0.3

5.2

«0.5

«0.5

«1

«0.5

«0.8

«0.5

«0.5

0.5

1.4
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TABLE I. (Continued).

Hesidual
nucleus

Eex
(MeV)

Final
level

Linewidth
(ke V)

a
0'&

(mb) (mb)

28A1

28S

Si

o.o31(r)

0.972( II)

1.014(III)

1.3V3(IV)

1.620(V)

1.623(vr)

2.139(vrr)

2.202(vrrr)

2.272(IX)

2.485(X)

2.582(XI)

3.105(XII)

3.465(XIII)

4.o33(xrv)

5.165(XV)

1.vv9(r)

4.618(II)

4.979(III)

6.277( IV)

6.691(V)

6.8v9(vr)

6.889(VII)

8.413(VIII)

9.316(IX)

9.3S1(X)

9.702(XI)

10.377(XII)

11.577(XIII)

1.2v3(r)

2.028( Ir)

2.426(rrr)

3.o6v(rv)

3.624(V)

4.oso(vr)

5.652(vrr)

1.384(I)

p+

(2, 3)+

p+

(3)'

6
z+
2

Q+
2

2+
2

++
2

2
2

2

Q+
2

z+
2

STD

STD

O, I

V

p, IX

40

6, 3

XI, XIII

XIV

4

STD

4.9

8,2

I, VI —,3.6

XI 5.9

13.5

3.1

—,8

IV

I, VI, VIII 24, 4.1,4.2

IV

2.0

0.4

0.8

C~C

0.5

13

1.4, 0.2

3.1

d, 1.8

23.6

0.3

p 4

0.6

2.1

d, 0.9

0.3, 0.5, 1.0

8.6

p 4

0.5, 0.2

0.2

0.3

0.4

«0.2
—0.1

0.9

«0.2

0.6

«0,2

1.5
«0.2

1.3

3.5

«5

19

«0.1

p 4

«p ]
—0.1

2.1

«0.1

0.7

«0.8

8.0

«0.2
«2

«0.7

0.2

—0.2
«0.7
«0.6

0.
&

is the prompt production cross section for a particular p ray.
a„ is the cross section for production of a particular state by direct excitation and/or by p

feeding from unidentified higher lying states. p feeding by transitions from identified higher
lying states has been subtracted.
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TABLE I. (Continued).

'p rays were not observed. Upper limit for production of excited state was determined.
p ray masked by a neighboring p ray. Upper limit for production of excited state was

determined.' Excited state which decays by P emission.

IV. DISCUSSION AND CONCLUSIONS

This section will confine itself to observations
relating to spectroscopic information concerning
the final state channels. General conclusions will
be discussed after the relevant heavy fragment
evidence has also been introduced in Ref. 8. The
Doppler broadening of the y-ray lines is also best
discussed there when the connection with the ener-
gy and angular distribution of the detected residual
nuclei can be established.

A. Residual nuclei A ~~ 27

In this section the discrete portion of the light
particle spectra are correlated with the y-ray

data. Spectroscopic evidence gained thereby is
discussed.

0Si: The very low cross section of o'~ =100 p, b
for the observed protons from the ' Al(n, P) Si
reaction' leading to bound states (or nearly bound
states with Z, ~ 12 MeV) does not result in ade-
quate sta, tistics to define the levels involved. The
y-ray evidence consists of merely setting an upper
limit of Z ~ 0.5 mb from the failure to observe any
of the expected y-ray cascades involving the low-
lying levels in Si. .

Si: The observed deuteron spectrum for E„
& 110 MeV from the "Al(n, d) ~Si reaction shows the
presence of many poorly defined levels below the
excitation region of E„=10.8, MeV. See Fig. 8.

TABLE II. Cross sections deduced from delayed spectra for 140-Me V & particles interact-
ing with Al.

Residual
nucleus

Daughter
nucleus (Me~

Oy

(mb)

gb

(mb)

10C

"Be
13B
14B
140
15C

190
200
20F
21F
22F

22Mg

23Ne

24Ne

'4Na
24Al

25Ne

"Na
'6Na
26Si

2~Mg
2 Mg
"Al
"Al

108
11B
13C

14C

N
1N
160
19F
20F

Ne
1Ne

22
N

22Na

Na
24Na

Mg
Mg

2'Na

Mg
Mg

26Al

Al

2 si
2 si

0.718
2.125
3.853
6.094
2.314
5.2.99
6.129, 7.116
1.357
1.056
1.634
0.351, 1.395
2.082, 2.165
0.074
p 440
0.874
1.369
7.066
0.089
0.390,, 0.975, 1.612
1.809
0.830
0.844-, 1.015
0.401
1.779
2.426

c
0.62, 0.057
1.1
0.18
8.8
2.4, 0.3
0.03, 0.03

c
2.2

19.0

c
0.8, 0.9, 0.6
0.33

c
7.4, 7.2

24
0.03

«0.3
«0.06
«0.2
«0.08
«0.04
«0.1

0.9
1.1

=0.2
8.8
3.9

=0.05
«0.5

6.7
«0.8
19.1
«0.15
—0.3

6.3
p 4

«0.5
7.3

«0.4
24
0.4

Cross section for production of a particular p ray observed in the delayed. spectra.
Cross section for production of a particular residual nucleus after correcting for branch-

ing intensity.
Cross section or upper limit determined from failure to observe p ray in delayed spectrum.
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FIG. 5. . The discrete energy 0.' -particle spectrum
~A1(n, n') . Al* observed at 8& = 30' with E~ =140 MeV.

The angle-integrated total cross sections for the several
observed lines are.also given. The observed lines are
believed to be complex in most cases.

FIG. 7. The discrete energy triton spectrum from
2~A1(o. , t)28Si* at E~ =140 MeV and 0& =30'. Excitation
energies in Si and corresponding angle-integrated
cross sections are shown.
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FIG. 6. The discrete energy He-particle spectrum
Al(o. ,h) Al* observed at 6& =30' with E =140 MeV.

Excitation energies in Al and corresponding angle-
integrated cross sections are also shown.
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FIG. 8. The discrete energy deuteron spectrum from
2 Al(a, d) 8Si* at E„=140MeV and 8L =20 . Excitation
energies in Si and corresponding angle-integrated
cross sections are shown. The levels below E„=6.0
MeV are very poorly defined due to the low statistics,
the cross section is only quoted for the sum of all levels
below this excitation. The energy region 6.0&E„&10.8
MeV is totally unresolved.
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FIG. 9. An N, Z-plot of the gamma-ray-based (GRB)-production cross section of residual nuclei in the inclusive re-
actions Al(u, g) at E~ =140 MeV. All values are in millibarns. These cross sections do not include nuclear processes
directly feeding the ground state nor do they include upper limit values or otherwise missed cascading gamma rays.
The values for P-decaying nuclei labeled with an asterisk include all production processes since they are based on de-
layed y-ray evidence in the daughter nuclei. The total GRB-production cross section for all nuclei exhibited in this
figure is Zz =695 mb. The absolute errors for all production cross sections is estimated to be 20%.

The total angle-integrated cross section for those
deuterons that leave ' Si in bound states is 0„=1.1
mb. However, the total GBB yield of Si is 9.0
mb, thus indicating the need for additional produc-
tion processes. The observed prominent deuteron
lines corresponding to excitations in ~Si greater
than 11 MeV (and hence in the continuum) presum-
ably decay by particle emission. Cascading from
these states has not been observed.

AI„Si: The first four 3He-particle discrete
energy groups observed in the YAl(n, h) BAl reac-
tion may be reasonably correlated with the y-ray
results except for the very much larger yield for
exciting the 4' level at 2.272 MeV, evident in the
y-ray results.

The strongest 3He lines at E„=3.5, 4.0, and 5.1
MeV are seen from the y-ray results to involve
the 4, 5, 6 levels in ~Al atE„=3.465, 4.033,
and 5.165 MeV, respectively. One may assume
that the three prominent triton lines observed in
the parallel '~Al(u, t)'SSi reaction, indicating level
excitations at E„=12.7, 13.3, and 14.4 MeV, cor-
responding to the known T =1 analog states in SSi

with J'=4, 5, 6 at 8„=12.664, , 13.246, and
14.360 MeV, respectively. The cross sections
shown in Figs. 6 and 7 for the six lines also lend sup-

port to this assumption. These levels have been iden-
tified in the literature with possible (d»2) '(f, &2)'

1p-1h states for the 6 and 5 levels, with an
additional (d&&2) (2p3/2) admixture for the 4
states, based on observations of the "Al(d, P),

Al(d, n), Al(P, y), Mg(h, n), BSi(P,P'), and
Si(e, e') reactions. '8 The stretched configura-

tion 6, (d~~2) (f~&~)' states have also been identi-
fied in other nuclei, for example, in 4Mg at
15.045 MeV. ~

The observed large cross sections for the trans-
fer of f-shell nucleons to the 2'Al core also reflects
the presence of the favorable kinematic situation
pertaining at E =140 MeV. We may readily esti-
mate the maximum or grazing orbital angular mo-
mentum in the entrance channel for 140-MeV ~
particles incident on Al to be L, =26h. In event
of a strongly forward directed peripheral interac-
tion, the maximum exit channel orbital angular
momentum for either Si+t or Al+h are quite
similar and may be estimated to be equal to Lf
=22k, resulting in a value of &L =L; -Lf =45.
The situation is thus kinematically favorable for
the transfer of a nucleon into an f orbital involving
AL =3k, since it is possible to achieve both an
energy as well as an angular momentum match.
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The 4, 5, and 6, T =1 levels in Si all decay
mainly by proton emission and hence no corre-
sponding y rays are observed. For example, the .

first of these levels at E„=12.664 appears as a
resonance in 'Al(P, y) experiments' '' with
I',/I'~ = 1.5 && 10 . The other levels have corre-
spondingly smaB values of 1"JI'~ and lifetimes in
the range v' =10 to 10-is s.

The y-ray results indicate that the 11.5 MeV
line observed in the triton spectrum of Fig. 7 cor-
responds to the known 6, 7 =0 level at 11.57V

MeV. Although unbound in energy to n-decay to
Mg, this transition is parity forbidden and the

y decay is readily observed. The other levels of
a conjectured K'=3, T =0 rotational band, of
which this might be the 6 member, are also ex-
cited. They appear as the- lines labeled 6.9, 8.4,
and 9.5 MeV. The y-ray results confirm these
assignments and agree with the indication pf an
excitation cross section m' ore or less monotonical-
ly increasing with J as we proceed in excitation
from 6.879 MeV, J'=3; 8.413 MeV, J'=4;
9.702 MeV, J'=5 to the level at 11.577 MeV, J'

.

=6 . This effect may also be.ascribed tp the
aforementioned angular momentum matching. The
strong, prompt y-ray line depopulating the 3 level
in Table I with 0,=8.2 mb is the result of this
cascade.

Although a tempting possibility, the negative
parity T =1 levels in Si and Al, and the T =0
levels in Si do not appear to constitute the 4,
5, and 6 members of single rotational bands.
Perhaps they represent analog and antianalog
intrinsic rotational band heads, based on the
coupling of the Nilsson particle orbitals —', [321],
2 [312], and+ [303] (members of the generic
spherical f7/2 state) to the Nilsson hole orbital
2'[202]. An expected prolate deformation (as
exists for the "Al core) would yield the proper
energy sequence and the application of the
Gallagher-Moszkowski coupling rule' would in
each ease give the st~etched angular momentum,
namely, K =Q~ +0„=4, 5, and 6, respectively.
Interband coupling between the higher-energy ro-
tational band members of these intrinsic states
would complicate their identification and analysis.

The direct processes (n, h) constitute a total
production cross section for bound states of Al
of cr„=14 mb. This is to be contrasted to the y-
ray results of 5 =24 mb from P-decay evidence of
the daughter level transitions or the GRB cross
section, 5=20 mb from the prompty rays. The
situation involving the various production cross
sections for, Si is similar, the total direct triton
cross section is 0, = 6.5 mb, while the GBB-pro-
duction cross section is Z = 24 mb.

~'A/: The present inelastic a-particle data

agrees quite well with that obtained by the Julich
group at the slightly higher energy of F. =145
MeV. The angular distribution suggest &L =2
transfer for the lower excitations and an additional
admixture of hL =3 and perhaps 4L =4 transfer
for the higher excitations. At an elevated incident
energy of E =172.5 MeV, all the lines of Fig. 5
showed multiple structure. The comparison of
the (n, n ') lines leading to states in "Al above
E„=5 MeV shown in Fig. 5 with possible corre-
sponding levels observed in the 'Mg(n, p) results
reported by the Krakow group would suggest high
angular momenta for these states.

The y-ray results are seen to accentuate levels
that may be readily associated with the (n, n')
line spectra. However, the GBB production cross
section for all bound excited states is Z = 98 mb,
while the (n, n') angle-integrated yield below 8„
=8.3 MeV (the proton separation energy) is o
=40 mb. Since it mi'ght be argued that some high-
energy y-ray cascades which might be rather
Doppler broadened may be unaccounted for, we
may set an absolute upper limit on the yield from
the (n, n') channel by integrating all of the spec-
trum to the rather unrealistically high excitation
energy of E„=14MeV, somewhat above the neu-
tron and ~-particle separation energies as well.
This still only gives a total value of 0, ~ 52 mb.

The excess y-ray production cross sections,
when contrasted to the (n, n ) particle data, appear
to be biased towards the lower excitation energies.
The ratio of y-ray deduced cross sections to the
corresponding (n, c ') cross sections are v„/n
=5,8 for the unresolved 0.844 and 1.015 MeV
levels, 2.5 for the 2.211 MeV level, 1.9-for the
3.004 MeV level, and approximately unity for the
unresolved level complexes above E„=4.0 MeV.
If these excess cross sections are due to direct
~-particle breakup, this evidence would suggest
that this channel predominantly leaves Al with . .

little excitation. This is also basically in agree-
ment with the production cross section results
for Si, in which the first excited state sbowed -

.

the major excess y-ray yield and perhaps even for
Al where the 4' state at E„=2.272 MeV might

play the major role in providing the observed ex-
cess.

A careful search for y-ray cascades from pos-
sible negative parity states comprising the re-
ported octupole-strength concentration in the
range E„=4.0 to 14.0 MeV failed definitively to
id, entify any. Table I shows a few upper limits in
those cases where regardless of the background
and the proximity of other lines relatively, tight
values could be set. :In the vicinity of E„=7.3
MeV where judging from the (n, n') data the strong-
est possibility for such levels is expected only
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the + level of unknown parity at E„=7.399 MeV is
a possible candidate. (If correctly identified, its
lifetime would also be predicted to be ~ & 100 fs
from the y-ray data. ) Particle-y-ray coincidence
studies are required to examine this situation.

In all cases for the production of residual nuclei
A~ 27 the total ORB-production cross sections
exceed the values deduced from the high-energy
portion of the P, d, t, h, and n spectra lying at
particle energies above the appropriate excitation
thresholds. A possible source for additional pro-
duction contributions might be from y-ray cas-
cading from continuum to bound states. High
angular momentum states may be initially excited
in the heavy fragments leading at first to some p-
ray cascading. However, such cascading will
eventually be damped by particle emission prior
to reaching the bound state region. '

It might also be possible for pre-equilibrium
plus evaporation processes to lead to bound state
residual nuclei accompanied by multiparticle
emission thus explaining the difference in yields.
To estimate these contributions model calcula-
tions were performed. These model calculations,
discussed in detail in Ref. 8, fail to give adequate
yields for residual nuclei in this mass region.
Such calculations predict yields of 0.5 mb for ~Si,
2.0 mb for Al, 9.3 mb for Si, and 35.3 for Al.
These yields are far too small.

Finally, the only process remaining which could
give contributions missed in the particle spectra
and also not be included in the model codes is
proj ectile-fragmentation contributions. Such
processes are known to occur with significant
cross sections. 3

B. Direct excitations and cluster effects

Perhaps the most, striking feature of the y-ray
data is the observation that all the anomolously
large cross sections for each residual nucleus are
associated with individual levels that may be
generically related. Those states having short-
enough life times also show large Doppler effects
for the resulting y rays. The sum total of all
such identified cross sections is estimated to be
= 300 mb out of a total reaction cross section of
0~ = 1150 mb. Since the reaction processes that
involve pre-equilibrium steps followed by evapor-
ation stages would be expected to populate residual
nuclear states governed by a statistical distribu-
tion, such processes could not account for these
observed results. Further, as a general rule
these processes would not necessarily involve re-
coil velocities leading to large Doppler effects.
The prominent observed excitations are therefore
assigned to be the results of prompt processes.

The following subsections, arranged by nuclear
species that exhibit possibly related excitation
processes, summarize conjectured spectroscopic
characteristics. These include largely literature
based contentions as well as some that are present-
ly suggested.

Al, Ne, and /a: y-ray evidence indicates
that the 4', 2.272 MeV level in Al is strongly
excited. This level while present in the discrete
He spectrum shown in Fig. 6 is a low yield mem-

ber of a doublet. This level also appears in the
'Al(d, P) stripping reactions with l„=2. A simple

structure for this level would be the stretched
coupling of a, (d3/2) ~ 2'[202] neutron and a ~[202]
proton hole giving a 4' state. This structure
would parallel the prominent 6 stretched f, ~q

neutron state. The largest production cross sec-
tions for Ne and Na are to the 2', T = 1 pair
of analog states. If these yields are associated
with the (n, B*)and (n, Be*) pick up processes,
both levels should have important 2p-2h compo-
nents consisting of a coupled pair or nucleons in
the 2"[202] Nilsson orbital.

~A. l, Na, and I: Reference to Table I shows
tha, t among the odd-A nuclei ~Al, 3Na, and ~F

have relatively large local ORB-production cross
sections. These three may be strongly fed by
(n, n'), (u, 2n), and (a, 3n) processes. There
appears to be a high spectroscopic selectivity in
the individual states populated.

Among the simplified models for the level struc-
ture of "Al the Julich group" suggest a relatively
successful rotational-vibrational model in compe-
tition to the usual weak coupling model that at-
tempts to describe the low lying states in terms
of a d, &, hole in "Si. They associate the $', 2.211
MeV level and the $', 5.432 MeV level with the
ground state E'= —,

' band head (presumably based
on the,'-'[202] Nilsson orbital). Two y-vibrational
band heads are place at 3.004 MeV with R'=( —',

+2)"=+', and at 0.844 MeV with R'=(-,' —2)'=-,".
The first y-band sequence identifies the ~2',
4.510 MeV level as its next rotational member,
while the latter sequence continues with the levels
2', at 1.015 MeV and —,", at 2.734 MeV. Also this
latter K'=-,'' band, it is suggested, may be mixed
with the intrinsic Nilsson —,'[211] orbital state. A

band head at 2.981 MeV with K'= &', and its next
rotational member state —,', at 4.409 MeV may be
associated with either the Nilsson —,"[202] or
—,'"[211]intrinsic orbital states.

We note that the most strongly populated states
in Al are in fact the ground state band and its y-
vibration counterpart band members that may be
reached by coupling a single quadrupole-phonon
excitation to the ground state. The strongly pop-
ulated —,', 0.844 MeV and f', 3.004 MeV levels in
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Al are expected to have components of the 2'
vibration state in Si coupled to a d5 &z hole and
the corresponding 2' state in 6Mg coupled to d»&
particle. Indeed the lowest 2' states in ~6Mg and
BSi are also strongly excited.
In the production cross section of Na the larg-

est intensities are to the lowest+' and+' states
as in the case of ~~Al, and with strikingly compar-
able magnitudes. Although no cluster model anal-
ysis for Na exists in the literature, these states
in Na are conjectured to have significant triton
cluster components involving three nucleous in
the —,"[202]Nilsson orbital. The very large Dop-
pler broadening of the y rays in Table I originating
with short-lived levels (& &100 fs) is most readily
accounted for by assuming an o. transfer reaction
~AI(o. , 8Be) Na with the subsequent breakup of the
Be, or alternatively a tight (u, 2o) spallation

shower, see Ref. 8.
If the K'= —,', 2.640 Mev band head in "Na and

its rotational members &, 3.678 MeV and &,
3.848 MeV are based on a P-shell hole in the
Nilsson orbital —,'[101], their low production
cross section compared to the above levels is un-
derstandable, since these states would have very
little in common with the (2s, &,d, ~~} cluster
states.

Similarly the major production cross sections
for the residual nucleus '~F also involve the well
known rotational band states based on the triton
cluster ground state. 3' The strikingly large popu-
lation cross section of 30 mb for the lowest —,"
level is notable, contrasted to the order of magni-
tude smaller population of the K =-,' band based
on the known "N+ o cluster states. This may be
taken as an indication of a considerable admixture
of the state involving three nucleons in the —,"[202]
Nilsson orbital for the — state.

Si, Mg, and A'e: Rather large GRB produc-
tion cross sections are observed for these residu-
al nuclei. After allowing for all observed cas-
cading, the dominant production strength in each
instance is to the first excited 2' state. If the
suggestion of a direct channel breakup of the G

particle for the excess production of Si largely
in the 2' state is accepted, the rather large tran-
sitions to the 2' levels in "Mg and ' Ne might also
be expected to result from a direct process, per-
haps leaving the lighter mass component frag-
mented. Highly excited cluster knockout or trans-
fer components might be involved such as (n, t*},
(&, I i*), (n, '~B*). The small but non-negligible
yield of P-shell recoil nuclei is discussed in Ref.
8. This low yield is such as to suggest that if P-
shell nuclei are in fact initially produced they
mostly fragment or their component parts simply
leave as a spallation shower.

0, 0, and ' ¹-The only prompt y ray at-
tributed to 0 is from the 3 level at E„=6.129
MeV. Wang and Shakina' have found it necessary
to assign an important 3p-3h admixture to low

lying negative parity states in "0 particularly in
the giant dipole region of excitation. There is also
a suggestion of =181 (2sld) Sp-Sh admixture in
the 3 level as well. Thus the excitation of this
level may be seen as dependent on the admixture
of the initial (2sld)3 configuration.

The only prompt y rays definitely observed in
0 and N are from the lowest — pair of analog

states. The readily observed y ray from the un-
natural parity &' first excited state in N, if not
the result of undetected cascading, may be taken
to indicate a. possible (2s, »d»~) triton cluster
component in this level. Theoretical three-parti-
cle cluster configurations of shell model
(2s&»d,, »} variety coupled to a ' C core have been
successfuDy applied for the higher excited states
in '5N, the —,' first excited state has been generally
considered adequately aeeounted for as a C core
coupled to a (1P,qq)'(2s&»d, &,)' three-particle
cluster. ' The three nucleon transfer reaction
'C(n, P) 'N at Julich has, however, definitely

established a (2sld} component in the two lowest
excited states. ' Gf the four analog states, &', —,", in
0 and &', —", in "N, the y -ray yield 0, is several times

stronger for the decay of the &' state in ' N than
the other three. This again may be taken as re-
flecting a strong pa.rentage with the initial (2sld}
configuration in the target nucleus Al ground
state.

Af„A/, Mg, and '¹:The striking similar-
ity of the level structure of "Al (and ~Si) on the
one hand and 'Al and Mg on the other is pre-
sumed to be related to the presence of correspond-
ing Nilsson hole and Nilsson particle states. For
example, the ground state band heads K'= ~' in

Al and Si are based on the intrinsic hole state
—[202], while that of ~~AI and ~Mg are based on
the intrinsic particle state —,"[202]. It might then
be expected that direct transfer reactions

AI(n, I i*) 'Mg or Al(o, He*) 'Al or possibly
equivalent direct spallation showers would populate
'Al related levels in 5Al and 'Mg. The first four

levels in 'Mg are populated with cross sections
in the range 0.5 to 0.2 times the corresponding
states in Al. Compare entries iq. Table I. Al-
though the lowest $ state in "Al is the strongest
excitation as in Al and Mg, the remaining cor-
relation in excitation strengths is not as close as
that between ~5Mg and ~YAl.

The strongest excitations in Ne are the lowest
$' and+' levels. These states must have a com-
plexity beyond the coupling of a: single neutron to
the Ne ground state. At a minimum the 2' ONe
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core state of a Sp-Sh state is required.
The above spectroscopic information will be

discussed in terms of a possible comprehensive
model in Part II.
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