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We measured neutron energy spectra and extracted angular distributions for eleven

separate transitions for the ' 0(p, n)' F reaction at 99.1 and 135.2 MeV. Several new spin
and parity assignments are obtained for states in ' F by comparison of the excitation energy
spectra with known analog states in ' 0 and with a shell-model prediction and by analysis
of the neutron angular distributions. The most strongly-excited states are two 2 states at
E„=0.40+0.05 and 7.6+0.1 MeV, a 4 state at 6.37+0.05 MeV, and two broad 1 states
at 9.4+0.1 and 11.5+0.1 MeV. These states are analogs of known 2 (M2) states, a 4
"stretched" state, and 1 (E 1) strength, respectively, in ' O. Three weakly excited 1+
states are observed at E„=3.75+0.05, 4.65+ 0.05, and 6.23+0.05 MeV. These states are
analogs of known 1+ (M1) states in ' 0 and directly indicate correlations in the ground
state of ' O. A weakly excited 4 state is seen at 5.93+0.05 MeV in good agreement with a
4 state observed in ' 0 (e,e') measurements. All of the most strongly excited states align

(to within +200 keV) with known T= 1 analog states in ' 0 for a common net displacement

energy of 12.6 MeV. The (p, n} reaction at medium energies is sho~n to be an important
spectroscopic tool.

NUCLEAR REACTIQNS ' Q(p, n}' F, E=99.1 and 135.2 MeV; mea-

sured neutron spectra in -3' steps between 0' and 69'; extracted o.(8)
for eleven separate transitions to discrete states in F. Compared exci-

tation energies with analog states in ' 0 and with a shell-model predic-
tion. Deduced several new J assignments.

I. INTRODUCTION

Recent studies at the Indiana University Cyclo-
tron Facility reveal that the (p, n) reaction at inter-
mediate energies excites states predominantly via
one-step processes. Goodman et al. ' showed that
zero-degree (p, n) reactions at 120 MeV are dom-
inated by isovector spin-transfer transitions. These
transitions lead to simple excitations of the residual
nucleus and can be described well by impulse-
approximation calculations. The zero-degree (p, n)
spectrum reported by Anderson et al. for 160 MeV
protons on Ca agrees remarkably well with the

shell-model prediction of 1+ states by Gaarde
et al. Bertsch' described the basic features of this
spectrum by a simple model of spin excitations.
Watson et al. showed recently that the most
strongly excited states seen at larger angles in the

Ca(p, n) measurements are part of a particle-hole
band and that the strongest transition is the largest
spin member of this band. The measurements re-
ported here further support the idea that direct-
reaction mechanisms dominate (p, n) reactions at in-
termediate energies; consequently, the (p, n) reaction
is an important spectroscopic tool. States strongly
excited by one-step processes can be expected to be
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dominated by simple structures amenable to
theoretical descriptions.

We present here energy spectra and angular dis-
tributions for the ' 0(p, n)' F reaction at 99.1 and
135.2 MeV. In order to obtain new spectroscopic
information for states in ' F, we compare the ener-

gy spectra of the excited states with known7 states
in ' 0, with inelastic electron " and proton' '
scattering measurements, and with a shell-model
prediction. ' The spins and parities of only a few
states in ' F were reported in the compilation of
Ajzenberg-Selove. From the agreement between
the states observed in this experiment with known
analog states in ' 0 and with the predictions of a
shell-model calculation, ' we extract spectroscopic
information for several new states in '6F.

The comparison of states observed in these meas-
urements with known states in ' 0 is important also
in the identification of T= 1 states in the 2=16
system. Recent observations ' ' '" of T=O and
T= 1, 4 states in ' 0 can be verified by compari-
son with the (p, n) spectra which can excite only
T=1 states in ' F. Especially interesting states
identified to be T=1 in ' 0 include the 2 magnet-
ic quadrupole state (M2) at E„=20.43 MeV, ' the
strong 4 state at E„=18.98 MeV, "' ' the weak
4 state at 18.6 MeV, " and 1+ (M1) states at
E„=16.22, 17.14, and 18.80 MeV. ' ' Because M 1

excitations are forbidden for a perfect closed-shell
model of ' 0, the observation of these states pro-
vides a direct indication of ground-state correla-
tions. It is advantageous to look for all of these
T=1 states in ' F where there is no background of
T=0 states.

II. EXPERIMENTAL PROCEDURE

A. Experimental arrangement

We measured neutron time-of-flight (TOF) spec-
tra from 99.1 and 135.2 MeV protons on a BeO tar-
get and from 135.2 MeV protons on a Be target.
Shown schematically in Fig. 1 is the experimental
arrangement associated with the beam-swinger sys-
tem' at the Indiana University Cyclotron Facihty
(IUCF). For the measurements at 99.1 MeV, the
neutron detectors were installed in two stations: one
along the 0 line with respect to the undeflected pro-
ton beam at a distance of 68.1 m from the target,
and the other along the 24' line with respect to the
undeflected proton beam at a distance of 76.3 m
from the target. Each NE-102 neutron detector was
1.02 m long by 0.102 m thick. Two 0.25 m high

IUCF BEAM-SWINGER FACILITY

0

0
0

-24

45

FIG. 1. Experimental arrangement associated with
the beam-swinger facility at the IUCF. For measure-
ments at 99.1 MeV, the neutron detectors were located
in stations at 68.1 and 76.3 m from the target along the
0' and 24' lines, respectively; for measurements at 135.2
MeV, flights paths were 90.9, 90.8, and 73.4 m for the
detectors at the 0', 24', and 45' lines, respectively.

neutron detectors with a combined frontal area of
0.52 m were located in the 0' station; one 0.25 m
high neutron detector and one 0.51 m high neutron
detector with a total frontal area of 0.77 m were lo-
cated in the 24' station. For the measurements at
135.2 MeV, the neutron detectors were installed in
three stations at 0', 24', and 45' with respect to the
undeflected proton beam. The distances from the
target to each detector system mere 90.9, 90.8, and
74.4 m, respectively. The uncertainty in the flight
paths is typically +0.2 m. Two 0.25 m high NE-
102 neutron detectors with a combined frontal area
of 0.52 m mere located in the 0' station; two 0.51 m
high neutron detectors with a total frontal area of
1.03 m were located in the 24' station; one 0.51 m
high neutron detector, and one 1.02 m high neutron
detector with a combined frontal area of 1.55 m
were located in the 45 station. An Amperex
XP2041 photomultiplier tube (PMT) with a diame-
ter of 0.127 m was attached to each end of each
detector via a tapered plexiglas light pipe. The per-
formance of these large-volume neutron detectors
was reported previously by Madey et al. ' and is
discussed briefly for this experiment in Sec. IIIA.
Since the beam swinger is capable of deflecting the
incident proton beam through an angle of up to
24.5',. we were able to detect scattered neutrons
from 0' to 24.5' at the 0' station, from 24 to 48.5'
at the 24' station, and out to 69.5 at the 45' station.
Charged particles produced by nuclear reactions in
the target were vetoed by thin (0.635, 0.953, or 1.27
cm thick) plastic NE-102 or NE-114 scintillation
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counters placed immediately in front of the neutron
detectors. These anticoincidence counters plus
similar thin plastic scintillator counters placed
above the neutron detectors vetoed cosmic rays.

In order to be able to reliably calculate the neu-
tron detection efficiency, it was necessary to deter-
mine the pulse-height (PH) response of each
counter. For the first experiment with 99.1 MeV
incident protons, the PH response was determined

in a separate measurement with 160 MeV protons
elastically scattered from a Ca target. The energy
of the protons arriving at the detectors was deter-

mined from the scattering energy by subtracting the
calculated energy losses of the protons in the exit
foil of the scattering chamber, the air, the wall of
the detector station, and the anticoincidence
counter. The calculated proton energy was 99+2
MeV. A separate pulse-height (PH) calibration was

performed with a Th radioactive gamma source,
which emits a 2.61 MeV gamma ray. A fast am-

plifier and precision attenuators were used to obtain

a PH calibration curve which extrapolated to be in

agreement with the proton calibration to within

3%. For the 135 MeV experiment, PH calibrations
were performed with the Th gamma-ray source
and checked by verifying that the 0' cross section
for the ' C(p, n)' N (g.s) reaction was consistent

with our earlier measurements' at 120 and 160
MeV. This check is estimated to be accurate to
+ 10%%uo.

B. Electronics

The data-acquisition system included a Ten-
necomp TP-5000 (PDP11/15) computer system,
three 12-bit analog-to-digital converters (ADC's),
commercially available electronic modules, and spe-
cial electronic modules' developed at Kent State
University to provide increased count-rate and
dynamic-range capabilities for fast neutron time-
of-fiight (TOF) measurements. Figure 2 shows
schematically the major elements of the data-
acquisition system.

The anode signal from each end of each counter
was split by a linear fan-out module (LFM) which
produced two signals (nearly) identical to the origi-
nal one. One of the LFM signals went to a
constant-fraction discriminator (CFD) in order to
obtain an accurate timing signal. The output from
the CFD at each end of each counter served as in-

puts to an analog mean-timer (MT) circuit
developed by Baldwin and Madey. The output of
the MT produced a start signal to a time-to-
amplitude converter (TAC) which in turn provided

A2 LSM
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N
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RD TO
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FIG. 2. Schematic diagram of the electronics and
data-acquisition system. Key to abbreviations:
LFM =linear fan-out; CFD =constant-fraction discrimi-
nator; LED =leading-edge discriminator; LSM =linear-
summing module; MT=mean timer; 0/N=or-nor logic
unit; C=coincidence unit; PCM= phase-compensator
module; RD=router-driver logic unit; LGS=linear gate
and stretcher; and TAC =time-to-amplitude converter.

the neutron time-of-fhght spectrum. The stop sig-
nal for the TAC was derived from the radio fre-
quency signal of the cyclotron. The other anode-
signal outputs of the LFM's from both ends of each
counter were summed and integrated by a linear
summing module (LSM) to provide a pulse-height
measurement. Signals from different counters were
identified by a tag word provided to a separate
ADC.

A phase-compensation module ' was used to
eliminate drift between the time of arrival of a
beam burst on the target and the stop signal derived
from the cyclotron radio-frequency signal. Detec-
tion in a fast plastic scintillator of protons elastical-

ly scattered in the target provided the nesessary tim-
ing information to the phase-compensation circuit.

III. DATA REDUCTION

A. Energy resolution

The energy resolutions for states observed in ' F
were approximately 260 and 310 keV for the in-

The recorded data were analyzed off-line at Kent
State University. After choosing an appropriate
(software) pulse-height threshold, all the magnetic
tapes were reread in order to combine different runs
at the same scattering angle. The neutron time-of-
flight spectra thus obtained were converted to ener-

gy spectra and were analyzed to obtain cross sec-
tions for specific transitions as described below.
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cident proton energies of 99.1 and 135.2 MeV,
respectively. The fractional energy resolution
hT/T for a neutron of kinetic energy T can be cal-
culated from the expression:

b, T/T =[y(y+1)](ht It),
where t is the neutron time-of-flight, b, t is the
overall time resolution, and y= 1 + T/M. The
sources contributing to the overall time resolution
are (i) the intrinsic time resolution of the neutron
detector, (ii) the beam-burst width from the cyclo-
tron, (iii) the time spread in the neutrons arising
from the finite target thickness, (iv) the time spread
resulting from the finite thickness of the counter,
and (v) the time spread in the neutrons from the en-

ergy spread of the beam. The intrinsic time resolu-
tion of the neutron detectors was obtained experi-
mentally with a series of cosmic-ray measurements
at Kent State University. The beam-burst widths
were measurixl with a fast-plastic scintillator which
detected protons elastically scattered from the tar-
get. The contributions of the separate sources in
each experiment are presented in Table I. The
overall estimated time spreads with a 47.4 mg/cm
Be' 0 target at 99.1 and 135.2 MeV proton beam

energies are 1150 and 820 picoseconds, respectively.
Note that these overall dispersions are not the quad-
rature combination of the individual sources (since
the target and detector contributions are not Gaus-
sian in shape), but a proper numerical convolution
of the contributing sources. The calculated time
resolutions are in good agreement with the overall
observed time resolutions of 1000 and 830 pi-
coseconds given in Table I.

For St= 1000 picoseconds in the first experiment,
we obtained b T=260 keV for the 80 MeV neutrons
from the ' O(p, n)' F reaction; for b,t=830 pi-
coseconds in the second experiment, we obtained
AT=310 keV for 110 MeV neutrons from the

' O(p, n)' F reaction. For the detectors in the third
station at 74.4 m in the second experiment, the
value of 6T was 380 keV.

B. Conversion to energy spectra

C. Cross sections

The laboratory differential cross sections were
obtained from the usual expression

o (8)=N /[I (pxNO/A )EQeTl], (2)

where N is the number of counts above background
in the peak of interest, I is the time-integrated pro-

The Be(p,n) B ground-state peak in each time-
of-flight spectrum from the BeO target served as a
calibration point for determining the absolute neu-

tron kinetic energies. Figure 3 is a time-of-flight
spectrum at 24 from the Be' 0 target. The
ground state (p, n) Q values on Be and '60 are
—1.85 and —16.21 MeV, respectively; thus, the
low-lying states excited in 8 are well separated in
the time-of-flight spectra from the states excited in
' F, as seen in Fig. 3. Data for the Be(p, n)98 reac-
tion at 135 MeV indicate that high-lying states of
B are seen for excitation energies of about 14.1,
14.65, 16.96, and 17.71 MeV. These states will ap-
pear in ' F excitation energy spectra at excitation
energies of about 0.40, 0.70, 2.6, and 3.35 MeV. In
our 135.2 MeV experiment, we identified these
states in the Be(p,n) B spectra and performed a
channel-by-channel subtraction of Be(p, n) B spec-
tra from Be' O(p, n) spectra. The neutron TOF
spectra were converted to excitation-energy spectra,
some of which are shown in Figs. 4 and 5 for the
99.1 and 135.2 MeV experiments, respectively.

TABLE I. Time dispersions (in picoseconds) from various sources.

Beam energy (MeV)
Flight path (m) to detector station at 24'
Intrinsic
Beam energy spread (=0.1%)
Beam burst width
Target (47.4+0.8 mg/cm Be' 0)
Detector thickness

99.1
76.3

368
327
572
967
657

135.2
90.8

300
338
350
596
560

Overall
Calculated
Observed

1150
1000

820
830



1764 A. FAZELY et cl. 25

I '
[

' I '
I

'
I

'
J

' I '
I

' I

9 16
Be 0(p, n)

99.1 Me V

24

O(p, n) F

135.2 l5eV
r j r j r j r ) r j r j r j r j ~

t
r j r j ~ j r j r

)
~

CoI-
Rg 1000—
0
V

F (0.4 MeV) 9
B (Q.s.) 0.0

,'rr~ay
0 s I s I i I ) I t I s I i I ( I i I

0 200 400 600 600

CHANNEL NUMBER

1000
0 r J ~ J r j r j r

)
r j ~ j r j r j r

I
~ j r j r j \ j I

/
~ I r

9 0

FIG. 3. Neutron time-of-flight spectrum at 24' from
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FIG. 4. Excitation energy spectra for the ' O{p,n)' F
reaction at 99.1 MeV. Note that Be(p, n) B contam-
inant peaks have not been subtracted. Spin and parity
assignments for most of the states identified in this
work are shown. See text.

FIG. 5. Excitation energy spectra for the ' O{p,n)' F
reaction at 135.2 MeV. Spin and parity assignments for
most of the states identified in this work are shown.
See text.

detector, T is the fraction of the neutrons transmit-
ted through the air and other intervening material
to the neutron detector, e is the neutron detection
efficiency, and l is the livetime of the data-
acquisition system.

The number of counts under a particular peak
was determined by peak fitting. A computer code
based on the original code of Bevington22 was used
to fit a particular region of the time-of-flight spec-
trum with an appropriate number of Gaussian line
shapes above a polynomial background. The fitting
program performs a least-squares fit by a combined
grid search and linearization technique.

The neutron detector efficiencies were calculated
with the Monte Carlo code of Cecil et al. This
code was tested by comparison with several pub-
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lished neutron detector efficiency measurements in-
cluding a comparison's of measured '~C(p, n)'zN
and ' C(p,p')' C» analog transition cross sections at
62 and 120 MeV. Cecil et al. estimate an uncertain-
ty of a few percent in the calculated efficiencies for
well-determined thresholds; in addition, there is a
further uncertainty in the efficiency resulting from
an uncertainty in the threshold setting used to
analyze the data. For the 99.1 MeV experiment, the
uncertainty in the 40 MeV equivalent-electron
(MeV ee) energy threshold was estimated to be +3%%uo

and results in an additional +9%%uo uncertainty in the
calculated efficiency. This relatively high threshold
was needed to eliminate overlap in the time-of-
flight spectra of neutrons from adjacent beam
bursts. The 9' uncertainty arises because the ener-

gies of the neutrons, which are between 70 and 80
MeV, are less than twice the pulse-height threshold
energy of about 50 MeV for the recoil protons. In
this region near threshold, the efficiencies increase
sharply with neutron energy and are very sensitive
to threshold uncertainties. For the 135 MeV experi-
ment, neutron detector thresholds of 70 MeVee
were required in order to eliminate overlap of the
high excitation-energy part of the continuum from
the previous beam burst with the low-lying states of
B and ' F; however, because the continuum ap-

peared small and structureless, the data were
analyzed at thresholds of about 50 MeV ee in order
to improve the statistics (by increasing the detector
efficiency). For the 115 MeV neutrons of interest
from the ' O(p, n)' F reaction, a 3% uncertainty in
the threshold results in an additional uncertainty in
the calculated efficiencies of about 4%.

The solid angle b,Q for the large rectangular
detectors was determined from the exact expression
of Crawford. 4 The livetime correction I, which
represents the fraction of the time that the data-
acquisition system was not blocked to the incoming
data, was measured as the ratio between the number
of events analyzed by the system to the total num-
ber of events sent to the computer. The measured
livetimes varied between 87 and 94 percent. The
neutron attenuation correction is the product of the
exponential attenuation factors for neutrons
traversing the exit foil, the air, the detector station
wall, and the charged-particle veto counters. Neu-
tron transmissions were 81 to 82 percent for the
99.1 MeV experiment and varied from 78 to 84 per-
cent for the 135.2 MeV experiment. The calculated
detector efficiencies varied from 2.2 to 2.3 percent
for the 99.1 MeV experiment and from 2.4 to 2.8
percent for 135.2 MeV experiment.

IV. RESULTS

Excitation energy spectra for the 99.1 and 135.2
MeV data are shown in Figs. 4 and 5. The 135.2
MeV spectra include a channel-by-channel

Be(p, n) B subtraction as described in Sec. III. In
the 99.1 MeV spectra, the contamination of the
Be(p,n) reaction has not been removed. These ex-

citation energy spectra from both the 99.1 and
135.2 MeV experiments reveal distinct peaks
corresponding to at least eleven different excited
states in ' F.

Extracted angular distributions for the resolved
excited states of ' F are shown in Figs. 6 and 7 for
the 99.1 and 135.2 MeV measurements, respectively.
The area under each peak was extracted by fitting
the time-of-flight spectrum with Gaussian functions
on a polynominal background (see Sec. III C above).
The error bars include statistical uncertainties plus
a contribution for the accuracy of the fitting pro-
cedure obtained from the error matrix of the fitting
program.

V. ANALYSIS

In order to determine the spin and parities of the
final states in ' F, we compared excitation energies

with analog states in ' 0, deduced l transfers from
the measured angular distributions, and compared
the measurements with a shell-model prediction. In
the following sections, we will discuss and analyze

TABLE II. Scale uncertainties |,'%).

99.1 MeV 135.2 MeV

Beam integration
Target thickness
Detector efficiency
Neutron attenuation
Solid angle
Livetime

&2
1.7

10
-4
&0.5
-1

&2
1.7
6
5

&0.5

Overall 11.2 8.3

The overall scale uncertainties for the 99.1 and
135.2 MeV experiments are estimated to be 11.2 and
8.3 percent, respectively. The separate contribu-
tions leading to these net uncertainties are listed in
Table II.
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FIG. 7. Angular distributions for the resolved excited
states of ' F at 135.2 MeV.
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separately each of the several strong transitions ob-
served in Figs. 4 and 5; before we begin to discuss
individual transitions, however, we note that the an-

gular distributions presented in Figs. 6 and 7 all
seem to peak at regular intervals. For the 99 MeV
results presented in Fig. 6, the angular distributions
all peak near 0', l2, 24', or 36'. For the 13S MeV
results presented in Fig. 7, the angular distributions
all peak near 0', 10', 20', or 30'. These regular an-

gular intervals would suggest that these peaks
correspond to l transfers of 0, 1, 2, and 3 units of
angular momentum. We will examine this possibili-

ty separately for each transition of interest by com-

paring the measured angular distribution with the
distorted-wave impulse-approximation (DWIA) cal-
culation. We choose to start with the state observed
at E„=6.37 MeV, which singularly dominates the
wide-angle spectra. This state is logically a 4 state
whose analog is well known in ' 0 and is believed

to have a particularly simple nuclear structure.
This state should provide a clear starting point for
comparing T= 1 analog states in ' F and ' 0.

A. The 6.37 MeV State

At the wide angles, a strong transition to a state
at E„=6.37 MeV in ' F is seen to dominate. The
angular distribution is peaked near 36 and 30 at 99
and 135 MeV, respectively, suggesting 51=3. Since
the ground state of ' F is (apparently) a 0 state
whose analog is observed in ' 0 at E =12.80 MeV,
we would expect to see the analog of this 6.37 MeV
state near 12.80+ 6.37=19.17 MeV in ' 0. This
excitation energy is within 200 keV of a 4, T=1
state seen in ' 0 via the (e,e') and (p,p') reac-
tions. ' Figure 8 compares our ' O(p, n) energy

spectrum at 35.8' and 135 MeV with the ' O(p,p')
spectrum of Henderson et al. ' at 35' and 135 MeV.
The energy scales were adjusted to be the same, but
the origins were offset to align the ' F ground state
with its analog in ' O. The spectra show the good
alignment of the 6.37 MeV state in ' F with the
T=1, 4 state at 18.98 MeV in ' O. The two

strong T=O, 4 states seen in ' 0 are clearly miss-

ing in the (p, n) spectrum as expected. (Note that al-

though these three 4 states are known' to be iso-

spin mixed in ' 0, this mixing will not occur in ' F
where no T=O states are available to mix with the
T= 1 state. )

The excitation of this state is especially interest-

ing because it is believed to be a so-called
"stretched" state with a predominant configuration
(~dsg2, vp3/p '). Since we expect that the excitation

COI-
640—

G
V

135 MeV

4

16O~ «)16O

35

1 & 1 i I t t t I t t i I

20

CO

0 g
I

V e
QJ

E
CO

CO0
K
V

I l 1 I s
l

I
~

I
~

i J I ~ I

)352 MeV 1SO~@16F'

35 8

0 I
s I s I a I I I s l I I. a I a I I I I

10 5 0

EXCITATION ENERGY (MeV)
FIG. 8. Comparison of the excitation energy spec-

trum at 35.8' for the ' O(p, n)' F reaction at 135.2 MeV
with the excitation energy spectrum of Henderson et al.
(Ref. 12) at 35 for the 'O(p, p')'0 reaction at 135
MeV.

of this state via the (p, n) or (p,p') reactions should

proceed primarily through the isovector tensor term
of the nucleon-nucleon effective interaction, the
study of this transition should test our knowledge
of the strength and momentum transfer dependence
of that term. The momentum transfer dependence
of the differential cross section for this transition is
compared in Fig. 9 to that of Henderson et a/. for
the analogous (p,p') reaction. The (p,p') cross sec-
tions are multiplied by two to account for the ratio
of the isospin Clebsch-Gordan coefficients for the

(p, n) and (p,p') excitation of a T=1 state from a
T=0 target. ' Shown also are the results of
distorted-wave impulse-approximation (DWIA) cal-
culations for these transitions performed by us with
the code DWBA70, which includes a recent
modification of the relativistic kinematics. The
DWIA calculations use harmonic-oscillator bound-

state wave functions with an oscillator parameter
b=1.73 for the particle-hole states, the XX t-matrix
interaction of Love and Franey at 140 MeV, and
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0C

16 )6
O(p. ti) F (4,6.37 MeV)

135.2 MeV

et al

31

the results into better agreement with the electron
scattering results.

Because of the clear identification of the 6.37
MeV state as the "parent" of the 18.98 MeV state in
' 0, and because we do not reliably see the ground
state of ' F excited in these measurements, we will
henceforth take the observed displacement between
the 4 states as the net displacement energy be-
tween states in ' F and their analogs in ' O. Thus
we assume a net displacement energy of
18.98—6.37= 12.61 MeV. Clearly, different states
will have slightly different displacement energies re-
sulting primarily from differences in the distribu-
tion of the extra charge in ' F.

0.01—

0.00~
0.0 2.0

the optical model parameters determined by Com-
fort and Karp s for 135 MeV protons elastically
scattered from ' C. Note that this transition is
dominated by the isovector tensor term in the effec-
tive interaction as shown in Fig. 9. We determined
the ratios of the experimental cross sections to the
theoretical calculations to be 0.33 and 0.31 for the
(p,p') and (p, n) transitions, respectively. If we take
the normalization required for the (e,e') excitation
of this state, viz. , 0.44 (Ref. 8) to be a measure of
the renormalization required for the nuclear struc-
ture, then the (p, n) and (p,p') results may indicate
some deficiency in the DWIA description of the
proton-induced reactions; for example, a small vari-
ation of the isovector tensor interaction would bring

3.0

MOMENTUM TRANSFER, q(fm )
FIG. 9. The differential cross section versus the

momentum transfer for the transition to the 4 state in

the reaction ' O(p, n)' F (6.37 MeV). Shown for com-
parison are the (p,p') data of Henderson et al. (Ref. 12)
which are multiplied by two to account for the isospin
Clebsch-Gordan coefficients. Shown also are the results
of D%"IA calculations for this transition to a stretched
particle-hole (md5q2, vp3/2 ') configuration. The D%IA
calculation uses the effective interaction of Love and
Franey (Ref. 27) at 140 MeV and the optical model

parameters of Comfort and Karp (Ref. 28).

B. The 0.40 and 7.6 MeV states

Besides the 4 state at 6.37 MeV, the most
strongly excited states observed in these measure-
ments are transitions to states at E„=0.40 and 7.6
MeV. Both of these states have angular distribu-
tions peaked near 10', suggesting El=1. These
transitions are plausibly 2 states whose analogs are
known at appropriate excitation energies in ' O.
Backward-angle electron scattering measurements
(which predominantly excite T= 1 states also)
strongly excite 2 states in ' 0 at 12.97 and 20.43
MeV. [In fact, the general features of the elec-
tron scattering measurements are similar to those
seen in the (p, n) energy spectra reported here. ]
These excitation energies in ' 0 agree to better than
200 keV with the excitation energies for the states
at E„=0.40 and 7.6 MeV in ' F using the net dis-
placement energy (viz. , 12.6 MeV) observed for the
T=1, 4 state.

The excitation energies of these 2 states are also
within 0.6 MeV of the excitation energies predicted
for two T= 1, 2 states by a shell-model calculation
of Picklesimer and Walker. ' In order to verify that
the observed angular distributions for these transi-
tions are consistent with J =2 assignments, we
performed DWIA calculations with the code
DwBA70 (Ref. 26) and the effective interaction of
Love and Franey. The nuclear structure for each
of the 2 states is assumed to be that of the shell-
model calculation by Picklesimer and Walker. The
shell-model calculation assumes a closed-shell con-
figuration for ' 0 and particle-hole states of 1%co

and 2Aco excitation in the final nucleus. Harmonic-
oscillator eigenfunctions were assumed for the
single-particle orbitals. The residual interaction as-
sumed was a Serber-Yukawa potential adjusted to
fit low-energy n-p scattering. In Table III, we list
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TABLE III. Calculated particle-hole amplitudes.

E . 16O

(Calculated)'
(MeV)

16F E ~ 16F

(Adjusted) (Observed)
(MeV) {MeV) Particle-hole amplitudes'

Odd parity
2
3
4
2
1

1

13.59
13.57
19.86
20.96
23.26
26.13

0.10
0.08
6.37
7.47
9.77

12.64

0.4
0.7
6.37
7.6
9.4

11.5

1d3/2

lp3/2
—1

0.069
0.007

1d5/2

lp1/z
—1

0.978
0.988

—0.145 —0.162
0.181
0.949

1d5/2
—1

1p3/2
0.185

—0.152
1.0
0.650
0.882

—0.051

1d3/2

1p 1/2
—1

—0.022

—0.171
0.329

—0.2773

2s

lp3/2
—1

0.063

0.708
0.261

—0.149

Even parity
3+ 18.64 5.15 4.35

2p3/z
—1

0.008

&fsn &fsn
1p3/2 1p 1/2

—1 —1

0.030 —0.012

&f712

lp3/z
—1

0.111

1dsgg 1 f7'
1S1/2 1p1/2

—1 —1

0.039 0.993

'From Picklesimer and Walker. '

the particle-hole amplitudes for several states from
the shell-model calculation of Picklesimer and
Walker. ' Note that in the assumed basis, the 4
state is completely specified by the single
(srdq~q, vp3/2 ') configuration. This 4 state is
predicted to be at E„=19.86 MeV in ' 0, within 1

MeV of its observed excitation energy of 18.98
MeV. In Table III, we list the calculated excitation
energies in ' 0 as well as excitation energies in ' F
obtained by subtracting 13 49 MeV in order to place
the 4 state at its experimentally observed value of
6.37 MeV. This amounts to a shift of about 0.9
MeV of the calculated values (out of 15 to 20 MeV),
plus the 12.6 MeV net displacement energy.

The DWIA calculations for the two 2 states are
compared in Figs. 10 and 11 with the measured an-
gular distributions at 135 MeV. Both angular dis-
tributions show a large peak near 10' plus a smaller
peak (or shoulder) near 35'. For both transitions,
the large forward-angle peak is fit well by the
DWIA calculations with the nuclear structure
presented in Table III. For the transition to the
state at E„=7.6 MeV, the shoulder near 35 is
largely fit also by the 2 state calculation; whereas
the angular distribution for the state at 0.40 MeV is
severely underestimated in the region of the should-
er. Careful inspection of the energy spectra present-
ed in Figs. 4 and 5 reveals that the state observed at
0.40 MeV near a scattering angle of 10' clearly
moves at wider angles to a state at 0.70 MeV. (Re-
call that excitation energies in each spectrum are set
relative to the 8 ground state which was observed
from the BeO target. ) The state at 0.70 MeV is
plausibly a 3 state indicated in the compilation

10.0

46 6
0(p,n F (2,0.40 MeV)

135.2 MeY

I I

DWlAx0. 47

1.0

t)

0.~

I-
V
LLI

CQ

Co
CO

Q 0.01
K
V

o ooq / I I I Xl t ~ I

0 20 60
ANGLE, e (deg)

FIG. 10. Comparison of the measured angular distri-
bution at 135 MeV for the transitions to the unresolved
states at E„=0.40 and 0.70 MeV with DWIA calcula-
tions for a 2 state. (See discussion in the text. )

40

with a tentative J assignment and predicted also
by the shell-model calculation of Picklesimer and
Walker to lie near the strong 2 state. A T=1, 3
state is known in ' 0 at E„=13.26 MeV in good
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FIG. 1 1. Comparison of the measured angular distri-
bution at 135 MeV for the transition to the state at
E„=7.6 MeV with DWIA calculations for a 2 state.
{Seediscussion in the text. )
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FIG. 12. Comparison of the measured angular distri-

bution at 135 MeV for the transitions to the unresolved

states at E =0.40 and 0.70 MeV with DULIA calcula-

tions for a 3 state. (See discussion in the text. )

agreement with this state in ' F still using a net dis-

placement energy of 12.6 MeV. The shoulder of the
angular distribution for the sum of these two states
is fit reasonably well by the calculated angular dis-
tribution for the 3 state as shown in Fig. 12. The
structure for the 3 state is taken also from the
shell-model predictions presented in Table III.

The reason that the calculated angular distribu-
tion for the 2 state at 7.6 MeV includes a strong

contribution in the region of the shoulder at wider

angles is that the predicted structure for this state
indicates a large amplitude for the (»I/2, lp3/3 )

particle-hole configuration. In contrast, the
predicted structure for the lower-lying 2 state in-

dicates only a small amplitude for this configura-
tion (see Table III) ~ It is the radial distribution of
the form factor for this transition which requires
the larger angle in order to transfer the necessary
angular momentum to excite a 2 state. %e note
that the strong contribution of this configuration to
the excitation of the 7.6 MeV 2 state indicates that
the (p, n) reaction at these energies is able to sample

the entire volume of the target nucleus and is not
confined to the surface region. This ability to in-

teract throughout the nuclear volume is the result
of the relatively long mean free path (-5 fm) for
protons between 100 and 200 MeV, which is in con-
trast to the situation at lower energies.

In contrast to the 4 state, which was dominated

by the tensor term of the isovector effective interac-
tion, we see from Figs. 10 and 1 1 that the excitation
of both 2 states is predicted to include approxi-
mately equal contributions from the central and
tensor terms. The normalization factors required to
make the DULIA calculations agree in magnitude
with the observed cross sections are indicated to be
0.47 and 0.24 for the transitions to the 0.40 and 7.6
MeV states, respectively. These normalization fac-
tors are somewhat higher and lower, respectively,
than the normalization factor required for the 4
stretched state and may indicate that the simple nu-
clear structure assumed for these final states is ap-
proximately as accurate as the assumption that the
4 state has a pure (hard 5/3 vp3/2 ') configuration.
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C. The states at 9.4 and 11.5 MeV

After the 4 state at 6.37 MeV and the 2 states
at 0.40 and 7.6 MeV, the most strongly excited
states are two relatively broad states at 9.4 and 11.5
MeV which, like the 2 states, have angular distri-
butions peaked near 10. These two broad states are
observed at excitation energies in good agreement
with the known E1 giant dipole resonance in ' 0,
which has two major components at E„=22and 24
MeV. Using the net displacement energy of 12.6
MeV observed for the 4 state (see discussion
above), we show in Fig. 13 a comparison of the
' O(y, n)' 0 excitation-energy spectrum with our

(p, n) spectrum at 11.8' and 100 MeV. The photo-
neutron cross section was arbitrarily normalized
and added to an assumed flat background which
corresponds to the nuclear continuum. The
excitation-energy dependence of the two different
measurements is clearly similar. Since these two
resonances in ' 0 have J =1,we tentatively iden-

tify these two states in ' F to be 1 also. To con-
firm this identification, we note that the shell-

model predictions' ' indicate two strong 1 states
to be excited at E„=23.3 and 26.1 MeV in ' 0 in

relatively good agreement with the known E1 reso-

nance. The predicted structure for these two states
is presented in Table III. Our DWIA calculations
for these two transitions are compared in Figs. 14
and 15 with our measured angular distributions at
135 MeV. The calculated and measured angular
distributions are in generally good agreement verify-

ing that these transitions are 61=1. Because these

1.0

16
Q(p, n) F (1,9.4 MeV)

135.2 MeV

I

0WIAx0. 25

states align with known 1 states in ' 0, and be-

cause the angular distributions agree with DWIA
calculations for predicted 1 states near these exci-
tation energies, we conclude that these two broad
states are predominantly J =1

The DWIA calculations indicate that these tran-
sitions are dominated by the central term of the ef-
fective interaction. The relatively large increase of
the total calculated cross section, including all

terms coherently, would indicate that there is large
constructive interference between the central and
tensor terms for these transitions. Similar to the 2
excitations, we see that normalization factors are re-

quired which are comparable to that needed for the
4 state transition, indicating that these states are
also reasonably described by the simple structure
given in Table III.

Because of the dominance of spin-flip strength in

the nucleon-nucleon effective interaction at these
energies, one expects that the excitation of these
states proceeds predominantly via El=1 plus spin
flip. If this is the case, then one might also expect
2 and 0 states to be excited at this energy.
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FIG. 13. Comparison of the excitation energy spectra
for the ' O(p, n)' F reaction at 99.1 MeV with the
known El giant resonance in ' 0 excited by the pho-
tonuclear reaction ' O(y, n)' 0 (from Ref. 8).

FIG. 14. Comparison of the measured angular distri-
bution at 135 MeV for the transition to the broad state
at E„=9.4 MeV with DWIA calculations for a 1 state.
(See discussion in the text. )
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FIG. 15. Comparison of the measured angular distri-
bution at 135 MeV for the transition to the broad state
at E„=11.5 MeV with D%IA calculations for a 1

state. (See discussion in the text. )

FIG. 16. Comparison of the measured angular distri-
bution at 135 MeV for the transition to the state at
E =4.35 MeV with D%IA calculations for a 3+ state.
(See discussion in the text. )

Indeed, the shell-model calculations of Picklesimer
and Walker' (and also the earlier calculations of
Moffa and Walker ) predict some 2 and 0
strength near these high-lying 1 states; however,
these 2 and 0 states are predicted to be less
strongly excited than the 1 states and to peak at
larger momentum transfers. No strongly excited
states are observed in this excitation energy region
which peak at larger momentum transfer, so that
we have no clear evidence for any 2 or 0 states in
this region.

D. The 4.35 MeV state

A state is observed at 4.35 MeV with an angular
distribution which peaks near 22 . Since this angu-
lar distribution indicates El=2, this state is plausi-
bly a 3+ state which would be the parent of a
known 3+ state in '60 at 16.82 MeV (with no iso-
spin assignment). These states align to within 150

keV still using the net displacement energy obtained
from the 4 state. A strong 3+ state near this exci-
tation energy is predicted by the shell-model calcu-
lation and its structure is listed in Table III. Figure
16 shows a comparison of our measured angular
distribution for this transition compared to the
D%IA calculation using the nuclear structure indi-
cated in Table III. Although we note that the nor-
malization factor needed to bring the calculations
into agreement with the measurements is smaller
here than for the previous cases, the good agree-
ment in shape indicates that this state likely has
J"=3+, as assumed. %e tentati'vely assign this
state J =3+. The fact that the normalization fac-
tor required to make the DULIA calculation agree in
magnitude with the Ineasured cross sections is less
than one-third of the factors required for the 4
states, the 2 states, or the 1 states indicates that
the structure of this state includes more complicat-
ed configurations than the simple one-particle, one-
hole states assumed for the sheB-model calculation.
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E. The 3.75, 4.65, and 6.23 MeV states

In addition to the strongly excited states dis-
cussed above, we see also three weakly excited states
with angular distributions peaked at 0. These
states necessarily involve El=0 transitions and are
identified to be the analogs of the three Ml(1+)
states seen in ' N(p, y)' 0 by Snover et al. ' and in
' O(e, e') by Friebel et al. ' The states in ' 0 are
seen at E„=16.22, 17.14, and 18.80 MeV, which are
all within 200 keV of the states in ' F still using the
net displacement energy of 12.6 MeV determined
earlier. In the pure independent particle shell
model, the doubly-closed shell nucleus ' 0 has both
the pi~a and p3/p subshells filled; therefore, low
excitation-energy single-particle M 1 transitions
cannot occur and 1+ excited states should not exist.
Thus the observation of M1 type transitions pro-
vide direct evidence for ground-state correlations in
' O. The sum of the 0' (p, n) cross sections to these
three states has approximately the same ratio to the
total B(M 1) strength' for the states in ' 0 as does
the O' ' C(p, n)' N g.s. cross section to the B(M1)
value for the strongly excited 15.1 MeV state in ' C
(viz. ,-2 at 135 MeV). The total B(M1) strength
seen in these transitions is in reasonable agreement
with a shell-model prediction by Arima and Strott-
man, ' who calculate a 2p-2h intensity of 17% in
the ' 0 ground-state wave function. Their shell-

model calculation also predicts an even larger
amount of M 1 strength at higher energies, frag-
mented over a number of levels. We see no obvious
indication of such strength in ' F from these meas-
urements.

the net displacement energy between states in ' F
and ' 0 to be that observed for the strongly excited
T=1, 4 states at 6.37 MeV in ' F and 18.98 MeV
in ' 0, we find that all these states align to within
+200 keV. In Fig. 17, we show the comparison of
these eleven states in ' 0 and ' F. As indicated, the
displacement forces the 4 states to align, and then
the others are allowed to come where they may.
The overall agreement is seen to be excellent.

In Fig. 17, several of the states are labeled not
only for spin and parity, but also by the multipolar-
ity of a gamma transition to the ground state of
' O. These multipolarities are often used to identify
the states as an M1, El, etc., type of excitation.
Although we do not address the question of sum-
rule strengths in this work, we note that several of
the transitions reported here have cross sections
which are a large fraction (typically 20 —50%) of
the DWIA calculations for these transitions using
simple particle-hole shell-model wave functions as
discussed in Sec. V. That the normalizations are
less than 0.5 is likely due primarily to the neglect of
multiparticle-multihole configurations in the shell-
model description of the initial and final states; for
example, Walker notes that a reduction factor of
1.4 to 3 may be obtained for calculated cross sec-
tions for inelastic electron scattering excitation of

ANALOG STATES IN

18 16
O AND F

F. The 5.93 MeV state 24.QT ll.5

A weakly excited state is seen at E„=5.93 MeV
with an angular distribution which peaks at the
same angle as the angular distribution for the tran-
sition to the strongly excited 4 state at 6.37 MeV.
As seen in Fig. 7, the cross sections for the 5.93

1

MeV state are only about ]p of the cross sections
for the 6.37 MeV state. We identify this weakly ex-

cited state as the analog of a 4 state seen in ' 0
via the ' O(e,e') and ' C( Li,t) reactions. " This
state is believed to be predominantly a multiparticle,
multihole state which accounts for its weak excita-
tion via the (p, n) reaction.

VI. DISCUSSION

22.15

M2 20 43

M4 18 98
M1 18.80

1. 6
hit 1&.14

16 2
M1 16 22

13.2 6
M2 12.91

460

4
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1+

9.4

Ti6

6.3F6.2g,5.93
4.65
4.35
3 75

0.100.40

We identify eleven states in 'sF whose analogs are
known in ' O. If, as discussed in Sec. V, we take

FIG. 17. Analog states in ' 0 and ' F. The excita-
tion energies listed are in MeV.
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the 2 states in ' 0 by assuming that the ground
state of ' 0 includes about a 25% 2p-2h component
and including 3p-3h states in the final state configu-
rations. Such reduction factors were reported
also in random-phase approximation calculations.
Unfortunately, we are not able to incorporate such
wave functions into the DWIA calculations present-
ed here.

It is noteworthy that the shell-model predictions
of Picklesimer and Walker, ' as well as the earlier
predictions of Moffa and Walker, provide remark-
able agreement with the measurements reported
here. Both works combined the results of a shell-
model calculation with a PWIA calculation in order
to predict the excited state spectra. The shell-model
calculations considered only one-particle, one-hole
states of 1 and 2 fuu excitations. The PWIA calcu-
lations used a nucleon-nucleon effective interac-
tion' based on free nucleon-nucleon scattering
parameters. The resulting predicted excited state
spectra are compared with our measurements in

Fig. 18. The predictions agree remarkably well

with the measured spectra. The excitation energies
of the several most strongly excited states are
predicted correctly to within —1 MeV (see Table
III). The calculations predict the 2 states near 0
and 8 MeV to be strongly excited, with a fairly
strong 3 state predicted to lie near the lower 2
state. The calculations also correctly predict the
strong 1 states near 9.5 and 12 MeV, as well as the
strong 4 state near 6 MeV. Finally, the calcula-
tions also predict a 3+ state to lie somewhat more
than 1 MeV below the 4 state in agreement with
the measurements. No other strongly excited states
are predicted and no other strongly excited states
are observed. The other states we report here are
the three 1+ (M 1) states and the 4 state at 5.84
MeV. These four states are only weakly excited and
require ground-state correlations or multiparticle,
multihole configurations beyond the scope of the
simple shell-model configurations. Finally, we note
that the normalizations required for the DWIA cal-
culations presented in Sec. V, which assume the nu-

dear structure obtained from these shell-model
predictions, are between 0.23 and 0.47, except for
the 3+ state, which is 0.08. These normalizations
are comparable to those required for (p,p') excita-
tions of so-called stretched states as discussed by
jLindgren et al. Note also that similar normaliza-
tion factors are required for the (e,e') excitation of
stretched states, indicating that the normalization
factors are required primarily to account for errors
in the assumed nuclear structure and not in the re-
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FIG. 18. Comparison of the PWIA calculations of
Picklesimer and Walker (Ref. 14) with the measured
neutron energy spectra reported here. The momentum
transfers for the displayed angles nearly match the
momentum transfers for the calculations.

action mechanism. The structure assumptions in-

clude a closed-shell configuration for the target nu-

cleus and only one-particle, one-hole configurations
for &he final states. Clearly, both of these assump-
tions are simplifications and will tend to require
normalization factors less than unity, as observed.

Based on the good agreement we see for the states
observed in ' F with known analog states in ' 0,
and with excitation energies and strengths predicted
by shell-model calculations, we make the spin and

parity assignments presented in Table IV. Shown
also are the I transfers deduced by analysis of the
measured angular distributions. Some of the previ-

ously known spin and parity assignments from the
most recent compilation' are presented also.
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TABLE IV. Energy levels of ' F.

' O(p, n)' F: This work
41

Compilation
Ex J7J

Assignment
(this work)

Jg

0.40
0.70

0, 1, 2
2, 3, 4

0
0.19
0.42
0.72

(0)
(1)
(2)-
(3) 3

3.75

4.35
4.65

5.26

5.93
6.23
6.37

7.6
9.4

11.5

1

1

1

0, 1

1, 2, 3
0, 1

0, 1, 2

2, 3, 4
0, 1

2, 3, 4

0, 1, 2
0, 1, 2
0, 1, 2

3.76
3.87
4.37
4.65
4.97
5.26
5.39
5.45
5.53
5.84
6.23
6.37
6.68
7.11
7.73

1+
(2)+

(3+)
1+

4
1+
4

VII. CONCLUSIONS

We measured neutron energy spectra for the
' 0(p, n)' F reaction at 99.1 and 135.2 MeV and ex-
tracted angular distributions for eleven states in ' F.
By comparison of the measured excitation-energy
spectra with known analog states in ' 0 and with
shell-model calculations' ' for T=1 states in the
A=16 system, we assigned spin and parity assign-
ments for eight new levels of '6F.

Important states observed in ' F via the (p, n) re-
action include two 2 states at E =0.40 and 7.6
MeV, which are analogs of known 2 states in ' 0
at E„=12.97 and 20.36 MeV, respectively. The 2
state at higher excitation energy was identified in

inelastic electron scattering as the magnetic quadru-
pole (M2) resonance. The (p, n) reaction strongly
excites also the 4 state at E„=6.37 MeV which is
dominated by the stretched (hard 5~2, vp3/2 ') config-
uration. The (p, n) excitation of this state in ' F
compares well with the ' 0(p,p') excitation of the
analog 4 state in ' 0 (at E„=18.98 MeV) verify-

ing the dominant T= 1 nature of this state and indi-

cating that the states are good analogs. Strength
observed at E~=9.4 and 11.5 MeV in ' F with

61=1 angular distributions compare well with the
known E1 giant dipole resonance in ' 0 with major
components at E„=22and 24 MeV. Three weakly
excited states with El=0 angular distributions are
observed at E„=3.75, 4.65, and 6.23 MeV in good
agreement with M1 states observed in ' O. These
states provide direct evidence for ground-state
correlations in ' O. Finally, we see a state weakly
excited at E„=5.93 MeV with a El=3 angular dis-
tribution which is likely the analog of a 4 state ob-
served in ' 0 at E» = 18.6 via the ' 0(e,e')'sO and
' C( Li,t)' 0 reactions. This state is believed to be

predominantly a multiparticle, multihole state
which accounts for its weak excitation via the (p, n)

reaction. Note that the same net displacement ener-

gy (12.6+0.2 MeV) applies to all of the above com-
parisons of states in F and O. This consistent
displacement reinforces the conclusion that these
states are simply related.

These measurements strongly support the idea
that (p, n) reactions at medium energies proceed pri-
marily via a one-step process that preferentially ex-
cites the one-particle, one-hole component of nu-

clear states. The strongly excited states observed in
these measurements are analogs of known M 1, M2,
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M4 or E I resonances in ' O. All of these states are
believed to have large one-particle, one-hole com-
ponents. Many of the dominant features seen in the
(p, n) results are strikingly similar to those observed
in backward-angle ' O(e, e') measurements. That
the (p, n) reaction at these energies predominantly
excites states with simple nuclear configurations
makes it a useful spectroscopic tool. Such spectro-
scopic studies are important because they often pro-
vide definitive isospin assignments, and because the
residual nuclei reached via (p, n) reactions are gen-

erally not well understood in terms of spectroscopic
information.
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