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Search for simple configurationsin F. I. The I 0(p, p ) 70 reaction
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The O(p, p) 0 reaction has been studied in the energy range E& =1.4-3.0 MeV. An
A matrix analysis of the elastic scattering excitation functions at four angles leads to l~
values for 12 resonances. Some J'" assignments have been made. States with large
ds&2 d3&2 configurations have been located at: 7.404 (J' =1'), 7.683 IJ"= (3)'], and 8.237
(J'"=4') Mey.

NUCLEAR REACTION O(p, p}, 8=1.4-3.0 MeV; measured 0(E&, 8}. F lev-
els deduced )~, J', p&. Enriched target.

INTRODUCTION

Because of their theoretical interest for testing
shell model calculations, the A=18 nuclei and es-
pecia, lly the "Fnucleus, in which almost two hun-

dred levels are reported, ' are among the most
thoroughly investigated. However, if experimental
and theoretical studies have led to a good under-
standing of excited states up to 7 MeV, most of
the data on higher levels are provided by (a, a)
and (n, d) reactions and, for instance, the distri-
bution of the 2p(d, &„d,i,) strength remains un-
known. In previous work' we found a 4'= 4' state
at 6.78 MeV which has been suggested as domi-
nated by this configuration. It is of interest to ex-
tend the existing work on proton induced reactions
on "0, limited to E~ = 1.4 MeV (E,= 6.9 MeV, Ref.
2) to higher energies, because from theoretical
considerations one expects to observe most of the
d, i,d, i, levels as well as 2p negative parity states
(d, &,f,&, or d», 2p»~} between I and 9 MeV excita-
tion. In this work, we have observed all the exit
channels corresponding to the "O+p entrance
channel, in the energy range E~= 1.4-3.0 MeV.
The present paper deals primarily with the elastic
scattering and another paper, referred to as II,
will present data on the other exit channels.

EXPERIMENTAL METHOD

The first part of the experiment, performed with
the Strasbourg 3 MV Van de Graaff accelerator,
consisted in the simultaneous measurement of the
excitation functions for the "0(p,p)"0 and
"0(p, o,'o)'~N reactions with a 45 pg/cmm enriched
self-supporting SiO target, and the y-ray yields
of the "0(p,y)"F and "0(p,p,y)"0 reactions from
an enriched WO, target located in the Faraday cup
of the scattering chamber downstream from the

SiO target, Details concerning the y-ray part of
the experiment will be given in II.

The particles were detected by four Si surface
barrier detectors placed at backward angles. The
target-counter distance and the collimator sizes
were adjusted to give comparable counting rates
at each angle. Data were accumulated in a Multi-
20 Intertechnique on-line computer.

The accelerator calibration was obtained to +1.5
keV with the "Al(p, y)"Si and "C(p,y) "N reactions
at the 991.90 and 1747.6 keV resonances. ' The in-
trinsic beam straggling [full width at half maximum
(FWHM) ], measured with a thick aluminum target
at the above stated resonance, was 350 eV. The
experimental straggling including the effect of the
SiO target thickness was about 3 keV for 1 MeV
protons. An E '~2 energy dependence for the strag-
gling was assumed.

ANALYSIS AND RESULTS

Figure 1 shows the elastic scattering excitation
functions at four angles, as well as the
"0(p, n,)"N yield curve at e„b= 120'. In the en-
ergy range covered, the "0(p,p)"0 scattering
presents a single strong resonance a,t E~= 2.66
MeV. A large number of anomalies in the
"0(p,p)"0scattering are also known. ' However,
with the detector energy. resolution ranging be-
tween 12 and 16 keV, the peaks of the three oxygen
isotopes were resolved well enough at the most
backward angles over the entire energy range as
shown in Fig. 2. At 90 and 120', the peaks were
not completely resolved, and the uncertainty in
peak fitting was larger. Over parts of the incident
energy range, the +-particle peak from the
"0(p, ao}'4N reaction overlapped the elastically
scattered proton peak from silicon. Thus for 8„„
= 140' and 170', part of the a-particle yield func-
tion could not be obtained for these angles. '/he
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FIG. l. Excitation functions of the ~00),p)~TO reaction at four angles and of the '~O(p, 0.0) N reaction at 8g~ =120 .

data were analymed with an elastic scattering pro-
gram using the BIatt and Biedenharn formalism. '
This progxam can handle up to six resonances,
with the resonance energy, the total and partial
width for each channel spin, a,nd the E& admix-
tures compatible with the assumed J' values of
the levels as fitted parameters. The calculated
cross sections were weighted to take into account
the effect of the beam straggling on the shape and
amplitude of the observed anomalies. The energy
distribution of the beam was taken as a triangular
function with an area normalized to unity, the pro

jections of the high and Iow energy side on the base
being twice the intrinsic and experimental strag-
gle, respectively. Figures 3 and 4 show the best
fits obtained in the energy range E~= 1.7-2.3 MeV
and around E~ 2.S NeV. The analysis was mostly
based on the 1VO' data, but good agreement was al-
ways obtained for all the angles of observation.

In the energy range E&= 2.4 to 2.7 MeV, attempts
to fit the data for all the angles simultaneously
failed, px'esumably because of the many overlap-
ping resonances. No characteristic elastic scat-
tering shape was observed.
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FIG. 2. Particle spectrum at E& = 2.295 Mev and g~~
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although the l& values could be determined un-

arqbiguously for the 12 analyst resonances, sev-
eral Z' ~ues could sometimes give a yatisfactory
fit, each with a different set of total and proton
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widths. From the analysis of the (p, a,) and (p, p,y)
yield curves, it w'as possible to obtain the quan-
tities (28+ 1)I'&I' /I' and (2J+ I)I'&I

&
/I' (to be

discussed in II) and to restrict the possible j' val-
ues on the basis of the required proton ~idth.

1784, IS32, end 1906ke V resonnnces

These states can be described only by /& =1 for
the first two and l~=2 for the third )see Fig. 8(a)].
The best fit@ms obtained for J'"=3, l, and, l,
respectively. The corresponding levels have not
been reported prWiously, and it Neemsthat the J"
= 3, 7.30 Mev level observed by Kashy et u/. ' in
the "N(a, a)"N reaction corresponds to the 1810
keV resonance observed in the "O(P, a,)"N reac-
tion (see II) and not to the IV84 keV resonance.

1957, 1999, 2012, nnd 2036' keV resonaeees

1.95 2.0 2.0517 18 1.9

K, (~+V)

FIG. 3. Analysis of the elastic scattering excitation
functions bebveen E& =3..7 and 2.1 Mev. The full lines
through the points are best fits from 8-matrix theory
made separately for eacb angle over the energy range
given by the respective abscissas.

These are all characterised by /~ =1 [see Fig
2(b)], and the proposed J' values are listed in
Table I. A resonance has been reported' at E&
= 2021 keV in the reaction "O(p, a,)"N with a width
I'= ll keV. It probably corresponds to our reso-
nance at E&= 2012 kev. An anomaly has been ob-
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TABLE.I. Summary of spectroscopic information obtained in this work.

g
(keV)

g L

(Mev)
r r,

(keV) {keV) 8~' x 10' 8~'/8~' (6.16) gC

1784 + 2

1832 +2

1906+2

1957 +2

7.289 1

7.335

7.404

7.452

3

1 {1,2) 11

1 15

1 6

11.6

12.1

9.5

0.5

0.07

0.04

0.33

0.004

0.24(1p)
O.37(2P)
O. 15(1)
O.23(2)
0.70
0.01(1)
0.02(2)

(1990+2) 7.483

2012 +2

2036+ 2

2064 +2

2095 +2
2202 +2

2757 +2

2788 +2

7.504

7.527 1

7.553 1

4

16.5

30

7.583
7.684

8.208

8.237

2 1+ 9
2 (3 4)' 36

(1,2)- 52

1.2

1.8

20

0.7

3,5

14.8
731

22

0.005

0.008

0.025

0.11
0.52

0.05

0.16

o.02 (1)
O. O3(2)
O.O3(1)
0.05(2)
0.09(1)
O. 14{2)
0.2
1

0.19(1)
O.29(2)
0.32

Kith Q = 5.604 MeV {see II).
Defined bp' 8&~ = I'&/2I'&%' where P& is the penetration factor and 8' the %igner limit 3S /2pR

with R =1.4@&&3+1)fm.
Using 8p (2s) = 0,15& 8p (1p) = 0.04, 8p (1d) = 0.07, and Sp (2p) = 0.026. The values labeled (1) and

(2) were obtained for 1p and 2p shells, respectively.
Calculated for J'=1 .
Calculated for 4'= 3'.

served' in the a-particle elastic scattering on "5,
corresponding to a J'=(3 } level at Z, =7.52 MeV.
It could correspond to the E&= 2036 keV resonance,
whose J' value is found to be 3, but we find a total
width I = 16.5 keV instead of the 35 keV previously
observed. It must be pointed out that the reso-
nance at E&= 1990 keV could not be fitted with the
same total width at all angles, and that the proton
width 1~ is substantially smaller than I . This
resonance is not observed in the other outgoing
channels. Accordingly, no spin assignment is pro-
posed for this level. On the other hand, the shape
of the excitation functions at the four angles as
well as the quality of the fit (X' improved by a fac-
tor 4) with inclusion of this level are taken as
evidence of the existence of a resonance at this en-
ergy.

2064, 2095, and 2202 ke V resonances

These data are shown in Fig. 4(a}. The E~= 2064
keV resonance, l&=1, is not observed in the other
outgoing channels, and the proton width deduced
from the fit is only 20% of the total width for the
smallest J' value (1 ). The E~= 2095 and 2202 keV
resonances can only be fitted by /~ =2. A uniqueJ' value could be assigned to the former (4'= 1')
but the latter gives equivalent fits for 8= 3 and 4.

2757 and 2788 ke V resonances

These data are fitted by l~=1 (J'=1,2 ) and
l~=2 (8'=4'), respectively [see Fig. 4(b)]. An
anomaly appears at E~= 2835 keV at 8„,= 120, and
could also be present at 90', but the parameters
required to improve the fit for those angles do not
give an acceptable result for the most backward
angles. In the energy range between E~= 2.4 and
2.7 MeV, some complicated structure appears
that could not be fitted, but resonances are more
clearly observed in other channels.

DISCUSSION

Partial widths

The reduced partial widths can in principle be
evaluated in terms of spectroscopic factors"' but
the estimation of the absolute single particle re-
duced width 8,' depends on a number of model as-
sumptions and, according to the systematics of
Macfarlane and French, ' depends also on the Q
value of the reaction. However, it is possible to
use this information at least in a qualitative way
by choosing an appropriate reference: In the case
of "F, it may be considered that the (J', T) = (3', 1)
state at 6.16 MeV has a spectroscopic factor very
close to unity. This state has been considered as
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almost pure d, /ps'/2 In fact if Zuker s wave func-
tion' gives only an amplitude of 0.76 for this com-
ponent, the overlap between this wave function and
the coupling of a 2s«, proton to the "O(g.s.) wave
function is 0.96. On the other hand, the reduced
width obtained from our previous elastic scatter-
ing work, ' is 8&'=0.14 of the Wigner limit, and
Macfarlane and French' give a value of the single
particle reduced width 8,'(2s) =0.15 for nuclei
around mass 18.

The spectroscopic factor S defined by 8&'= S8,'
should be accordingly close to unity for this state.
It is now possible to estimate roughly the magni-
tude of the spectroscopic factors for /~+0 by using
the average values of 8,' for the various shells
given in Ref. 8. These estimates are presented
in the last column of Table I and the considera-
tions that can be deduced for some of the levels
are discussed in the following sections.

Positive parity states

In the analyzed region, four resonances are de-
scribed by 1~=2 angular momenta, three of them
having a large reduced partial width. According-
ly, the wave functions of the corresponding states
are supposed to present a strong cP component.
The "O(g.s.) wave function is given essentially by
the coupling of a d, &, neutron to the "O(g.s.) which
presents about 30% of 2p-2h configurations. ' Ac-
cordingly, the d' configuration which may contri-
bute is d, /2d3/

7.404 Ne V /eel

This 4'= 1' state has a reduced proton width of
10' and decays mostly by proton emission to the
"O(g.s.), with a weak decay to the first excited
state of "O(J'= 2') and no observable n-particle
emission. These two latter channels would be dy-
namically favored because they would proceed
through a L~=0 transition. By assuming the single
particle reduced width 8,'(1d) = O. OV (Ref. 6), the
spectroscopic factor is S=0.7. The 2p character
of this level is strongly suggested by this value
and by the absence of n-particle emission. An

isospin inhibition is improbable because the first
(J', T) = (1', 1}state is expected to occur at E,=10

~ MeV. On the other hand, the weakness of the in-
elastic channel shows that the (2s»}' component
of this state is also very weak. Among the known
(&', T) =(1', 0) states in "F, the ground state is
described by a strong admixture of (d, i,)' and

d, /, d, /, configurations. " The 1.70 MeV level has a
dominant 4p-2h configuration. "'" The 3.72 MeV
level suggested by Rolfs et al."as a 2p state has
been shown by Millener" to contain an appreciable
4p-2h component. This conclusion is supported by

a recent study of the "0('He, P}"Freaction" in

which this state gives a poor 2p fit with a distorted
wave Born approximation (DWBA) analysis. The
fourth level at 6.27 MeV has been observed only in
"N+ n scattering. "

This new level at E„=7.404 MeV seems to be the
first (Z', T)=(1', 0) d state to carry a large part
of the d, /, d, /, strength. Its position is in good agree-
ment with the prediction of shell model calculations. "

7.583 Ne V level

This level has a rather important n-particle
width (see H), indicating a T= 0 character as well
as the presence of 4p-2h components in the wave
function. From the approximate spectroscopic
factor S~= 0.2, the 2p components are weaker.
This level could correspond to the 4'= 1' state pre-
dicted by the weak coupling scheme as resulting
from the coupling of (P, &,)

' to the 6.V MeV level
(Z.'=0') of "Ne.

7. 684 and 8.237Ne V levels

These levels having 4' values 3' or 4' show an
important proton width and weak -particle emis-
sion. The experimental spectrum of "Fpresents
at least five states (8', T) = (3', 0) below E„= I MeV,
two of them being considered as admixtures of
d, &,

' and d, &,s, &, (E„=0.937 and 4.12 MeV), the
others being 4p-2h (E,= 3.35, 6.31, and 6.46 MeV).
Among the known J'=4' states, the 5.30 MeV leve).
has a 4p-2h configuration; very little spectroscopic
information is known about the 5.60 MeV level
whose spin assignment is not definite; and the E„
=6.78 MeV, T=O level is mostly d, /, d, /» the par-
tial proton width 8~'= 0.062 observed by proton el-
astic scattering corresponding to a spectroscopic
factor $~=0.9.

The T= 1 state at E,= 4.65 MeV is d, /, '. From
our proton partial width, the spectroscopic factors
for the 7.684 and 8.237 MeV levels are =1 and
0.32, respectively, supporting the assumption of
an almost pure d, &, S"O(g.s.} configuration for the
former, and an appreciable admixture of d, /, d, /,
and 4p-2h for the latter. In the "D('He, p}"F
reaction, Hen Gupta et a/. '4 have obtained a satis-
factory DNBA fit for the 8.237 MeV level with a
ds /2d3/2 wave function, but their observed cross
section is much smaller than the cross sections
measured for the other 2p J'= 4' states. This may
indicate that our spectroscopic factor could be un-
derestimated, but supports the presence of strong
4p-2h components. It is somewhat surprising that
the 7.684 MeV level, which appears from this work
to have a much more important 2p configuration,
is not observed in the "0('He, p}"Freaction. "' Be-
cause only three 2p states with J'= 4' are predicted
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by the shell model, with configurations d, &,
' (with

T= I) or d, &d,f, (T= 0, 1), it seems plausible that
the spin of the level at E,=7.684 MeV is J= 3, since
the assignment for the 8.28'7 MeV level is 4'= 4'.

The "0 spectrum presents a J'=4' level at 7.11
MeV. ' It seems very likely that the analog of this
state in "F is the 8.237 MeV level, which is the

only 0'= 4' state observed in this work. A dis-
cussion on analog states will be given in II.

Negative parity states

It has been shown"'" that the negative parity
states below an excitation energy of 7 MeV are pre-

dominantly 3p-1h with some 5p-3h admixtures.
These states are excited weakly in the "0+p re-
action through the 20% 3p-2h component of the
"O(g.s.} wave function. At energies above 7 MeV,
the shell model predicts the existence of 2p states
with (sd)(fp) configurations. A configuration like
1ds/Q2p3/, could be formed through the major com-
ponent of the "O(g.s.) wave function. Some of the
negative parity states observed in this work prob-
ably belong to this category, but with all of them
showing an a-particle emission (see II), they would
seem to be mixed with 3p-1h or 4p-2h
(sd)'( fP)(P, &,)

' configurations.
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