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Lowest Two T = -; States of "F Observed in the 160(p,p)"0 Reaction*
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The lowest T=-,' state of '~F has been observed in the isospin-forbidden '60(P,P) '60 reaction, where
anomalies have been found in the elastic channel and in the inelastic channels to the 6.13- and 7.12-MeV
states of "O.The partial width I'Pp of this state as obtained from a phase-shift analysis of the elastic data
is Fpp (40 2p+") eV. The excitation energies of both the lowest and the next higher T=-,' states have been
determined by using the "C{nn) "0 threshold and a "Mg(n y) "Si resonance as calibration points. Values
of 8,= 11.202+0.008 MeV (E„=11.276+0.008 MeV) and 12.554+0.008 MeV (K„=12.714+0.008 MeV)
have been obtained, in agreement with the positions determined from the "N('He, n) "F reaction. The
second T=-, state is well suited as an energy calibration point for accelerators.

I. INTRODUCTION

A NUMBER of higher isospin states in light nuclei
have been located recently by isospin-allowed re-

actions such as (sHe, rt), r 2 ('He, p), 'e and (P, t) and

(p, 'He), ' where they may be populated selectively be-
cause of their structural properties. In some of the
reactions cited, spin and parity measurements have
come from analysis of the angular distributions. Mea-
surements on the states as compound-nuclear resonances
can give useful complementary information such as
widths. '

In "F, the second and third T=-,' states were found

by Hardie, Dangle, and Oppliger' as narrow anomalies
at 12.671- and 13.21S-MeV bombarding energy, re-
spectively, in the elastic scattering of protons from an
oxygen-gas target. No anomaly was observed to corre-
spond to the expected position of the first 7= 2 state.
The missing state was located recently by Adelberger
and Barnes' in the isospin-allowed "N('He, n)"F re-
action. Kith accurate information on the position of the
state, a new search was undertaken in the "O(p,p)"0
reaction, extending to the inelastic scattering since
theoretical estimates" of the two-particle —one-hole
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structure of the state would favor proton emission to
the 3, 1, and 2—excited states of "O. After the state
was found, the anomalies were measured at several

angles and the position and width determined, together
with the position of the second T=-', state.

II. EXPERIMENT

The lowest T=~ state of '~F was observed in two
types of measurement: (1) With a silicon monoxide foil
less than 1-keV thick as a target, the scattered protons
were observed in a 61-cm double-focusing magnetic
spectrometer. (2) A differentially pumped oxygen-gas
target was used and the scattered protons observed in
solid-state counters. The second T= —', state was ob-
served only in the elastic scattering of protons by using
a thin SiO target and solid-state counters. In each case,
the ONR-CIT tandem accelerator was carefully ad-
justed for the best possible energy homogeneity of the
beam. Slit openings between 0.7 and 1.2 Dm. were used
at the 90' magnetic analyzer (r= 86 crn) of the tandem.
In order to minimize beam energy Quctuations, a signal
display from the tandem terminal pickup plate was
used to set the corona stabilizer gain control to its
optimum value. The beam current was in the range
0.1-0.5 p,A.

A. Measurement of the Scattering Anomalies
of the First T=~ State

(1) To maintain a uniform target potential, a thin
gold layer (about 8 ttg cm ') was evaporated onto the
self-supporting silicon monoxide target foils, the foil
thickness being approximately 20 pg cm ' SiO. The
elastic and a,ll inelastic groups up to P4 couM be fully
resolved with the 1.27-cm counter slit employed in the
focal plane of the spectrometer. However, this slit
opening was still wider than the full width of a particu-
lar group in the focal plane, as caused by the beam
energy spread, target thickness, and dE/dg of the scat-
tered particles. A foil was used in the focal plane to
separate 0, particles from protons. Anomalies were found
in the P2 and p4 excited state groups at 150' (lab) and
a smaller anoxnaly was suggested in the elastic scattering.
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the 2-mg cm ' Havar exit foil. Mylar foils 0.5 mg cm '
in thickness in the walls acted both as windows for the
scattered protons and as a means of reducing the scat-
tering from the sides of the target chamber. The tota
energy loss of the beam in the gas-target region seen by
the counters was always less than 700 eV, and the en-

ergy loss before entering this region was estimated to be
less than 300 eV. Straggling is minimal under such con-
ditions, and the main contribution of the target to the
experimental resolution is the Doppler eGect due to
vibration in the oxygen molecule. The latter effect con-
tributed about 700 eV to the over-all resolution. Wit
this arrangement, the elastic and inelastic proton groups
cou e 0ld b bserved simultaneously at a number of ang es.

and theThe counter biases were kept as low as possible an t e
beam was collected some distance downstream in order
to reduce the neutron and y-ray background in the
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FIo. 1.The difterentially pumped oxygen-gas target. The target
h n here in vertical and horizontal views is mounted in a 60-cm

scattering chamber and aligned optscally. The y
are 0,5-mg cm~ thick, and the beam exit Havar foil 2 mg cm
Th in the target was 2 Torr and above the fust pump,
pumping the diGerential section, about 6X r .
voltage connection was made and the target pressure was mea-
sured at the wide gas-inlet tube.
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FIG. 2. Spectrum from the gas target obtained with a 1.$-mm
thick silicon counter at 142' lab and E~=11.28 MeV. In order to
maintain a low bias, the po group is not completely stopped in
the counter.
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(2) Further measurements were taken using a dif-

ferentially pumped oxygen-gas target shown in Fig. 1.
The entrance canals were 3.5 and 3.2 mm in diameter
and a 1200-liter sec—' diffusion pump was used on the
diRerential section. The second canal, which was

threaded inside in order to minimize scattering, served

as a beam scraper. This system produced a target gas
pressure of 2 Torr for a gas Qow of 2.8 liters h—' at
STP. The geometry was such that no counter viewed
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Fro. 3. The "C(n,N)"0 reaction threshold The full .circles refer
o the data. The open circles show these data raised to the two-

thirds power after subtraction of the bac groun .
tot e aa. e

k round. The points are
plotted as a function of the nuclear magnetic resonance N
frequency of the 90' beam analyzing magnet.

counters. The average angular spread accepted by the
54', 90', and 142' (lab) counters was +9.0'. A special
collimator was used at 162' with an average spread
of ~5'.

Figure 2 illustrates the spectrum obtained. The pi
and ps groups were never resolved with the counters.
However, the pi group was known to be less than 5%
of the ps group at 90' and 150' (lab), from the work. on
the spectrometer. At 54' (lab) the ps and p4 groups
were only partially resolved and the line shapes were
used to separate the yields. At all angles the o.p group
f th "O~~~ )"N reaction occurred in the samerom e ~,o,p

wellregion as the inelastic protons. The np group was we

separated at 142' (lab) as shown in Fig. 2. At ( a )
the ns group lay directly under the p& group so that the
yield for the ps group presented in Fig. 5 contains
~-particle counts.

at half-The experimental resolution /full width at hal-
maximum (FWHM)g was measured to be less than 2

keV from the anomalies observed. In an eGort to bring



LOWEST TWO T= —; STATES 1053

the resolution nearer to the limit imposed by the target,
part of the data was taken with a variable correction
voltage applied to the insulated target chamber. The
design allowed the target chamber potential to be
varied by +2 kV by a signal derived. from the image
slits of the 90' analyzing magnet.
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In order to determine accurately the positions of the
two states a calibration of the analyzing magnet was
made using the rsC(a e)rs0 reaction threshold and the
resonance" in the ~Mg(n, y)ssSi reaction at 3.1998
+0.001 MeV ('He+). The position of the rsC(rr Is)"0
threshold is 11.346+0.003 MeV from the 1964 mass
heat before use. This procedure drastically reduced a
table. ~ This reaction has been observed in the work of
Nelson et g/. ,"where positron counting of the 124-sec
'~0 activity was used. A target chamber was constructed
to allow a thick graphite target to be baked out to red
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FIG. 4. The "O(p p) "0 elastic scattering yields from the gas
target at 56; 94', 144', and 163' (c.m.). The points are plotted
as a function of the NMR frequency of the 90' beam analyzing
magnet. Only statistical errors are given. Also shorn are theo-
retical curves from a phase-shif t analysis. For the parameters used
in these calculations, see Table I. The curves are arbitrarily
normalized to the yields observed.
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Fro. 5. The "O(p,p2)"O and ' O{p p4)'60 inelastic-scattering
yields from the gas target at various c.m. angles given in the figure.
The points are plotted as a function of the NMR frequency of the
90' beam analyzing magnet and @&ere taken at the same time as
the elastic data shorn in Fig. 4. Only statistical errors are given.
The pr data points at 58' (c.m.) also contain the ground state
alphas from "O(p,no)~sN because the two groups could not be
separated at this angle. It appears that the 1ovrest T= ~3 state of
"P is best located by observing the p4 group near 54' (lab).

positron activity observed below threshold and at-
tributed to r4N(rr, e)"F. A further reduction in back-
ground was obtained. by counting the two annihilation
quanta in coincidence instead. of the positrons. These
improvements resulted in an increase in precision of the
threshold from the +0.015 MeV of Nelson eI, ul. to
+0.005 MeV, as shown in Fig. 3. The narrow 3.1998-
MeV resonance in the s4Mg(n, y)'sSi reaction was ob-
served with a semithick target and 'He+ beam. The
resonance was located to ~0.002 MeV; however, this
uncertainty is multiplied by four for the equivalent
proton energy in the magnetic analyzer. Hence less
weight was given to this measurement in the Anal
result.

IH. RESULTS

The elastic scattering data for the lowest T=-,' state,
recorded with the oxygen-gas target at 54', 90', 142',
and 162' (lab) are shown in Fig. 4. Also shown are
theoretical curves which will be discussed in Sec. IV.
Figure 5 shows data recorded at the same time in the
inelastic channels to the 6.13- and 7.12-MeU states of
"Q. Data for the 0,0 channel show no anomaly greater
than 1% at 142' (lab) and 2+o at 150' (lab). No
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anomaly greater than 2% was observed in p3 at either
162' or 142' (lab). Data recorded at 150' (lab) for the
p2 and. p4 groups with the spectrometer are not shown.
Fig. 6 shows the elastic scattering anomaly corre-
sponding to the second T=~3 state. The effect of the
compensation voltage applied to the target in several
of the runs was to increase the amplitudes of the
anomalies. However, these data are not presented sepa-
rately as they are not felt to be deinitive.

The positions obtained for the two T=-,' states are:
E„=11.276~0.008 and 12.714~0.008 MeV, based on
the "C(n,e)"0 and 24Mg(a, y)'sSi calibrations. The cor-
responding ' F excitations are 11.202~0.008 and 12.554
&0.008 MeV, respectively. The proton energy value
for the second T=2 state given here supersedes an
earlier value given by two of the authors" and. quoted
by Marion. "The errors are assigned from the accuracy
of the 90' magnet calibration and the reproducibility of
the position of the scattering anomalies. Both errors
were of about equal significance. The results obtained
are in good agreement with those of Adelberger and
Barnes' and Van Bree and Temmer. '"
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FIG. 6. The elastic scat tering anomaly of the second T=$
state in "F at 166' (lab). The Sio target wasab out 1-keV thick
and was covered with 8 pg/cm' of gold on the back side in order
to keep it at ground potential. Each datum point corresponds to
9 pC. The counter solid angle was 2)&10 3 sr.
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vided the computer program. The calculated anomalies
were found to vary somewhat in shape and size over the
range of scattering angles accepted by the counters at
142', 90', and 54' (lab) from the extended gas target.
Therefore, anomalies calculated in steps of 1' were
averaged with equal weight around the mean value of
the angular acceptance of the counters. At 162', where
the counter collimators used were rather narrow, as
pointed out in Sec. II A, no averaging procedure was
used and the anomaly ws, s calculated for 162' (lab)
only. The averaging has a significant effect only for the
142' data, where the size of the anomaly to be expected
at exactly 142' (lab) was reduced by about 20% due
to the averaging over the range of scattering angles
actually accepted by the 142' counter,

Apart from the phase shifts the following parameters
enter the calculation of the anomalies: the orbital
angular momentum of the protons t, J, I'&,&,~, and
1"„,/F~, ~,~ of the '7F state, and the experimental resolu-
tion. Regardless of all other parameters only l= 1 gives
anomaly shapes consistent with the data for the lowest
T= ~ state at all four angles. Therefore this state has
spin ~~ or ~3—.A choice between the two values is
diKcult to make on the basis of elastic scattering
measurements alone. Since Adelberger and Barnes'
assigned a spin of —', to the state from stripping angular
distributions, this value was chosen for the calculations.
The experimental resolution was assumed to be Gaussian
with a F%HM estimated from the data as a whole to
be 1.5 to 2.0 keV. The runs using the compensation
voltage are believed to have somewhat better resolution.
However, no effort was made to treat these data sepa-
rately, and a value of 2.0-keV FKHM was used for the
calculations.

The nonresonant phase shifts were chosen to repro-
duce the elastic scattering angular distribution off
resonance at E„=11.297 Mev (Ref. 9), as shown in

Fig. 7. This set also gave a ratio of the anomalies at
93' and. 144' (c.m.) closest to the ratio observed. The

IV. ANALYSIS AND DISCUSSION

The elastic scattering anomalies may reasonably be
analyzed by the phase-shift method —particularly if
complex phase shifts are allowed to take some account
of the open nonelastic channels. The expression that
was used in the analysis for the 11.20-MeV state is
given by Goosman and Kavanagh, " who kindly pro-

"H. Winkler and C. S. Zaidins (private communication)."J.B. Marion, Rev. Mod. Phys. 38, 660 (1966)."R.Van Bree and G. M. Temmer, Bull. Am. Phys. Soc. 12,
S&8 (&967)."D. R. Goosman and R. W. Kavanagh, Phys. Rev. (to be
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I'IG. 7. The elastic scattering angular distribution as measured
by Hardie et al. , at 11.297-MeV bombarding energy, and the fit
to it obtained with the phase shifts given in Table I. The arrows
indicate the angles at which the elastic scattering data of Pig. 4
were taken.
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Tmzx I. The parameters used in the calculations oi the curves
given in Fig. 4. Phase shifts are in radians. The expression used
is given by Goosman and Kavanagh {Ref. 17). Note that the
phase shifts depend on / but not on J.The curves are not sensitive
tO Tt t 1, See text.

Nonresonant
phase shifts: 1=0

Real: +0.7
Imag: +0.1

—0.15
0

—0.7
+0.1

+0.33
0

Parameters of the resonance:

l=1; J =-,'; FWHM=2000 eV, I'„,=40 eV, Ft t 1=130eV

phase shifts used in the calculations depend on / but
not on J. Finally, a 1 „,was determined so as to ht the
observed sizes of the anomalies. The result is I"„,=40
eV. The error on this width is estimated to be +20%
and —50%, on the basis of the uncertainties in the
experimental resolution and the quality of the 6ts.
Figure 4 shows the calculated curves and the data. The
curves were normalized at each angle to the yield
observed. The parameters used in the calculations are
summarized in Table I.

An ambiguity arises in I'»/I'&, &,&. Once the FWHM of
the experimental resolution and I'» are chosen, the
size and shape of the calculated anomalies are rela-
tively insensitive to I'&,&,&. The curves show no noticeable
change for F&,&,~ between 100 and 500 eV. However, it
is considered unlikely that r»/I'4, 4,~ is smaller than 0.2.

Pote added i44 proof Recent e.xperiments have shown
that I'»/I'&, &,~ is indeed smaller than 0.2. A preliminary
value of I'»/I'4, 4,~=0.1+0.05 has been obtained by
Adelberger et al. rs from 44 —P coincidence work with the
"N(sHe, e)"F* reaction. This result is in agreement
with the work of Esterlund et al.20 on the delayed proton
emission from "Ne. Therefore, the width of the state
is less than about 800 eV. The anomalies observed in the
elastic and in the inelastic ps and p4 groups are com-
parable in size, and measurements of Hensley and

Barnes" on the analog state in "0 indicate that the
ratio I'„/I'4, 4,~ is small. There is also no observable
anomaly in the no channel. With this restriction on
I'»/I'4, 4,~, an upper limit of about 200 eV can be placed
on the width of the state. A —,

' -spin assignment would
give even lower values of I'» and I'tpgg).

No analysis was attempted for the inelastic data
(Fig. 5), although the resonance is strongest in ps at
164' and p4 at 59' and 164' (c.m.). Solid curves are
drawn in by eye at 164' c.m. where the shapes are
conhrmed by the spectrometer data.

A phase-shift analysis was also performed on some
elastic scattering data from the second T=-,'state, not
shown here. This analysis clearly required /=1, which
together with the alternatives of —,

' or —',—for the spin
as found by Adelberger and Barnes, determines the
spin of this state to be —',—.

The second T=-,s state is narrow (I'(3 keV) and
can be observed easily at backward angles in the elastic
scattering from a Sio target as shown in Fig. 6. It may
therefore prove to be a useful accelerator calibration
point, since it can be determined better than thresholds
at higher proton energies. An absolute calibration of
the proton energy producing this scattering anomaly to
about +1 keV is highly desirable. The state is also
useful as a check on accelerator resolution. The 6rst
T=-,' state, while more di6icult to And, could be a
useful test of unusually high resolution.
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