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The first seven T= 3 states in 'F have been studied as resonances in the 1¥0+p entrance
channel, observing the (py), (py+p,), (p3+p,), and (@,) exit channels. In a survey of the en-
ergy region E, =13.23 to 16.60 MeV in steps of less than 5 keV at six laboratory angles, the
previously unobserved fourth and fifth T= 3 states were found at E,=13.2710.004 and
14.017+0.004 MeV, respectively. Complete elastic scattering angular distributions (at 29
angles from 60,,=25 to 165°) were measured from E,=9.0 to 20.35 MeV in 50-keV steps and
were analyzed using the optical-model code JiB3 to extract phase-shift information across
this region. These results were used in a phase-shift analysis of the individual 7=% reso-
nances to obtain the following assignments for the second through the seventh T'=$% states in

g,
E, (MeV) E,("F) MeV)
12.708+ 0.004 12.551
13.250+ 0.004 13.061
13.271+0.004 13.080
14.017+0.004 13.782
14.438 0.006 14.177
14.579+0.010 14.310

T (keV) T,,/T Jr

31 0.26+0.04 4§
2+1 0.15£0.04 %
2x1 0.04+0.02 &)

12+5 0.02+0.01 %"

27+5 0.04£0.02 3

20+5 0.11£0.03 %

NUCLEAR REACTIONS ¢0(p,p), (p,o) E =9.0-20.4 MeV; measured o(E;0);
deduced optical-model parameters. Phase-shift analysis; 1"F(T = §) levels as
compound-nucleus resonances; deduced E,, I', T, O/I‘, Jm

I. INTRODUCTION

The precise location of at least four members
of an isospin multiplet is necessary for any test
of the quadratic mass law, and such tests have
been carried out for the ground-state analogs in
a number of quartets.! If such tests can be car-
ried out for excited-state analogs in the same
multiplet, it is then possible to study the coef-
ficients of the mass law as functions of nuclear
configurations and to examine isospin purity and
isospin mixing as functions of excitation energy
in the multiplet.

The A=17, T= 3 quartet has been studied for
nearly 10 years, and during that time a large num-
ber of T=3% states have been located in the various
members of the multiplet, as recently reviewed
by Ajzenberg-Selove.? Although the present accu-
racy of the "Ne data® is not sufficient to permit
a significant test of the validity of the quadratic
form of the mass law in this multiplet, the accu-
rate energies of the 7,=3, 3, and -3 projections
* in the quartet can still be used to make a com-
parison of the mass-law coefficients for various
T=3 levels within the A =17 multiplet. It must be
cautioned, however, that as the energy separation
of excited T'=$ states decreases it becomes neces-
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sary to identify the levels under comparison by
signatures other than just their energies. Until
we have a better understanding of the ways in
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FIG. 1. T=$% energy levels in the A=17 quartet. Ex-
citation energies and J™ assignments are compiled from
Refs. 2, 3, 5-8, and the results of the experiments
presented in this paper. Relative to the TR ground state
the 180+ p entrance chamel has a positive @ value of
0.601 MeV, and the allowed T=3 exit channels lie at
12.726 MeV (*’N+2p) and at 13.396, 13.568, 13.694, and
13.859 MeV [1%0 (T=1) + 4.
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which the decays and other dynamic properties of
these states vary from one isospin projection to
another, this identification will normally require
spin and parity information. For this reason,
and in view of the success of LeVine and Parker*
in the phase-shift analysis of the T=% levels in
13N seen as resonances in the 2C +p entrance
channel, we have extended their work to the A=17
system in order to locate a number of missing
T=3%, T,=-3 analog states and to study the 7=
states in 1’F as resonances in the %0 +p entrance
channel in order to extract spin and parity infor-
mation.

Figure 1 summarizes the present knowledge of
the T=% level structure in the A =17 quartet, in-
cluding the data compiled in Ref. 2, the results of
the present experiments, and the results of other
recent studies by Hartwig® [the ®0(d, *He)''N re-
action], by McDonald et al .® [the *C(a, n)*°O re-
action], by Harakeh, Snover, and Paul’ [the '°O-
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(p,y)'F reaction], and by Becker et al.® [the
UB("Li, p)'N reaction].

II. EXPERIMENTAL PROCEDURE

Proton beams in the energy range 6.0 to 20.35
MeV were obtained from the Yale MP tandem Van
de Graaff accelerator. The energy calibration of
its analyzing magnet system® allowed the deter-
mination of resonance energies to within +4 keV.
As a check on the magnet calibration, the lowest
3N T'=3 resonance, observed in the 2C(p, p) re-
action at E,=14.231+0.004 MeV by Levine and
Parker,* was located at the start of each period
of accelerator beam time. A 76-cm ORTEC scat-
tering chamber (equipped with two externally
mounted 0.16-cm-diam entrance apertures 76 cm
apart and a 0.48-cm-diam antiscattering aperture
at the end of a snout extending 25.4 cm into the
scattering chamber’s interior) was used through-
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Ep (MeV)

T=

Ep (MeV)

1860 (p,p)180 elastic scattering excitation functions measured in 50-keV steps from 9.00 to 20.35 MeV. The
2 states in !'F studied in our experiments.
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out the course of the experiment. To ensure prop-
er charge integration, an annular magnet, with

its field along a diameter, was placed at the en-
trance to the Faraday cup.

For the high-resolution data required for the
location and study of the T =% states, "LiO targets
(typically 80 pg/cm? thick) were used primarily
because the additional elastic and inelastic peaks
from the "Li interfered less with our measure-
ments than in the case of other chemical com-
pounds which we tried, e.g. SiO. (The "LiO tar-

‘gets were prepared by evaporating "Li onto 10-
ug/em? carbon foils and then exposing these tar-
gets to a dry oxygen atmosphere.) The energy
losses and straggling associated with the windows
of a gas cell precluded the use of gaseous oxygen
as a target for the study of the narrow resonances
frequently associated with isobaric analog states,
but a gas cell was used in the survey of *O(p, p)-
180 elastic scattering at 29 angles (26.5° < 6.,
<165.9°) in 50-keV steps from E,=9.00 to 20.35
MeV, e.g. Fig. 2. (A tabulation of these cross
sections is available from the authors.) The win-
dow of the cell was 2-mg/cm?-thick Havar'®; the
gas pressure (typically 40 cm of Hg) was moni-
tored with a mercury manometer and never varied
by more than +0.5% in 24 hours. During the two-
week run the gas was changed every day or two to
reduce the accumulation of impurities in the gas
which might result from any outgassing of the cell.

Transmission-mounted, Si(SB) detectors were
used to detect the protons and « particles. Small,
diametrically magnetized annular magnets were
placed in front of each detector assembly to pre-
vent secondary electrons from reaching the de-
tectors. Signal handling was performed using
standard NIM modules, and processed data were
routed either into a multichannel analyzer or
through a number of single-channel-analyzer (SCA)
windows (set on appropriate peaks in the spectra)
into a corresponding group of scalers. For most
of the resonances studied the exit channels p,, p,
+p, (Q=-6.05 and —6.13 MeV), p,+p, (@ =~6.92
and -7.12 MeV), and a, (@ =-5.22 MeV) were
monitored at every angle at which the associated

—J

l©

peaks were well resolved in the spectrum. In
some of the inelastic and (p, a,) data the presence
of a significant background within the SCA window
prevented the extraction of true cross sections,
but still permitted a qualitative study of the effect
of the resonances on these channels.

For the elastic scattering measurements using
the gas target, absolute cross sections were ob-
tained with uncertainties of <5%; <3% from
counting statistics, <1% from the charge integra-
tion (checked with a calibrated current source),
<1% from the gas pressure (measured with a
mercury namometer), and <3% from the mea-
surement of the detector G factors using Ruther-
ford scattering from xenon gas at E,=6.00 MeV.
Cross sections for the LiO target measurements
were obtained from normalizations to the gas tar-
get results.

III. ANALYSIS

Preliminary identification of 7> |7,| analog
states in a 7, nucleus is often made solely on the
basis of an excitation energy which is in approxi-
mate agreement with the predictions of Coulomb
displacement calculations. Supporting evidence
can sometimes be obtained from a study of the
isospin-allowed vs isospin-forbidden decay modes
for such a state and from a study of the relative
population of the state via isospin-allowed and
-forbidden reactions. However, because such
Coulomb energy calculations are never exact and
because of the frequent admixtures of isospin im-
purities into analog states, all such evidence
should only be viewed as qualitative.

More quantitative evidence can be obtained from
a comparison of the angular distributions of re-
actions leading to the various 7, projections of the
state!! or from a determination of the spin and
parity of the state in comparison with the spin and
parity of the parent state in the T,=x T nucleus.
To obtain the spin and parity information for the
T=3 analog states in '"F we have undertaken a
phase-shift analysis of resonances seen in *O+p
elastic scattering data.

For a spin-3 projectile colliding elastically with a spin-0 target, the differential cross section can be

expressed as'?
do
B _|af+lBl,

where

(1)

A=7,(6) *é%é 2 exp[2i (w; - wg) {2+ 1)[exp(2i 6 })-1]+ 1 [exp(2i 67)-1]} P,(6),

1 & . Lo s
B =2—E’Z=1: exp[2i(w, - wo)Hexp(2: 6 })~exp(2: 6 ;)} P1(6);
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and where

£.(6)==[n/2k sin?(6/2)] exp {~in In[sin?(6/2)] } ;

n=(2Z€*/kv); k=muv/k; 6 is the scattering angle;
v the relative velocity; w, the Ith Coulomb phase
shift; and 6; the scattering phase shift corre-
sponding to the j=1+3 partial wave.

Because the T =3 states in !F lie at high excita-
tion energies, many exit channels are energetical-
ly available to the compound nucleus. In order to
include the effects of these open reaction channels
in the elastic scattering analysis, complex phase
shifts (6;) were used, and the collision matrix
elements were rewritten as

Uy = exp(2i6;)
=Aj exp(2iA}),

@)

where both A} and A; are real and where 0 <A}
<1.

For a resonant partial wave the usual dispersion
term is added to the appropriate collision matrix

element:
U - exptaiag) [ - L]
PRSI A TE T E v mr
(3)

iy ,i8
=exp(2:a%*) [A‘,’* + Loele ] ,

[(E - Eo)z + %rz]uz

1000

~—'%0(p,p)'®0
Ep=18.589 Mev |
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100

do/dQ ¢ m. (mb/sr)
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FIG. 3. A typical angular distribution for ¥0(p,p)!¢0
elastic scattering. The two curves are optical-model
fits to the data obtained using the code B3 (Refs. 13, 14);
the comparison between the solid and dashed lines is dis-
cussed in the text. The relative error bars on the points
are =4% and are smaller than the points.
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where B=tan"![3T(E,~ E)], where I'y and T are
the elastic scattering partial width and the total
width, respectively, where A9* and A9* are the
off-resonance phase-shift amplitude and angle for
j=1%%, and where y is an arbitrary phase subject
to the unitarity restriction that |U;]<1.

The problem of determining the off-resonance
parameters AJ* and A* at high excitation ener-
gies in the presence of a large number of broad
and overlapping states was handled using an opti-
cal-model parametrization.* The elastic scatter-
ing angular distributions (e.g. Fig. 3) measured
in 50-keV steps from E,=9.00 to 20.35 MeV were
analyzed using the code JIB3, written by Perey
and modified by Siemssen.'®*'!* The optical-model
potential used for this analysis has the form

, d
Vot ==Vof(7, 7 g, ag) +4ia;Ws——f(r,7,, a;)
dar

. 1 4
+G 1V, (B/m,c)? FALT d_,r‘f(r, Vsoy Gso)
+ VCoul(’r! 'rc) ’ (4)

where

f('r, Vo» o) = 1/{1 + exP[('r - roAlla)/ao]} )
and where

2
V@uF%e— [3~(/R.)?] for r <R, =7r A
c

=(z2Ze*/r) for r>R,.

For the present analysis we restricted the optical-
model search to a fixed geometry, rgp=7,=7,
=7r.=1.25 fm, agr=a,=0.57 fm, and ¢,=0.50 fm.
With this fixed geometry, and using the param-
eters of Watson, Singh, and Segal® as starting
values, the depths of the potentials were allowed
to vary freely and are plotted as functions of pro-
ton energy in Fig. 4. These well parameters were
then converted into an energy-dependent set of
complex phase-shift parameters A9* and A%* which
are plotted as functions of proton energy in Fig.

5. The l=4 phases were small; e.g. at 18 MeV
At =9° AJ*=0.90, and AJ~=4° A2-=0.94. For
higher ! waves these parameters were even less
significant; A%* < 1°and AJ*> 0.99.

A comparison of the two curves in Fig. 3 shows
the effect of allowing the well geometries to vary
after the well depths are determined. The re-
sulting fits (solid line—fixed geometry, only well
depths varied; dashed line—well geometries
varied after the well depths were determined) are
not qualitatively different, and the only significant
change in the resulting phase shifts is a 20 to 25°
reduction in the f-wave phases, A; and A}, and a
reduction of A7 from 0.36 to 0.11. Changes in the
other A; are <3°and in the other A; are only a
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FIG. 4. Energy dependence of the optical-model well
depths for the case where the geometries of the poten-

tial wells were fixed at vg=7; =74, =17,=1.25 fm, ap

=ay =0.57 fm, and a;=0.50 fm.

few percent.

The evaluation and interpretation of such a

multiparameter analysis is always an extremely
subjective process; the choices of starting values
and variation parameters introduce a strong bias

justifiable only in terms of accomodation to pre-
vious or related work!*~'® and to self-consistency.
The phase shifts of Hardie, Dangle, and Oppliger?*®
are compared with the present results in Fig. 5
and show generally good agreement in the region
of overlapping energies.

Further confidence in this analysis is provided
by our use of the resulting phase shifts to extract
spin and parity assignments for levels where
these assignments had been previously established.
In‘all of the cases presented in this paper, the
phase-shift analysis was carried out by fixing the
phase shifts for all but one of the partial waves at
the values extracted from the optical-model anal-
ysis and requiring that the energy dependence for
the resonant partial wave be given by the disper-
sion term in Eq. (3). Differential cross sections
generated in this way (including the effects of
finite beam resolution, AE =2 keV) were then
compared to the elastic scattering excitation func-
tions at the specific angles to determine which
partial wave was resonating and to determine its
resonance parameters. Figure 6 shows the re-
sults of such an analysis for the second T=% state
in F using the data of Hardie, Dangle, and Op-
pliger® (J™=%~, T=%, ' =3 keV, I',,/I'=0.26, and
y=130°). (The Wisconsin data'® have been shifted
by +37+5 keV to compensate for their energy re-
producibility problems!” and to correct their ener-
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gy calibration to bring their data into agreement
with our measurements of the location of this
resonance. See also footnote 42 in Ref. 18.) Such
an analysis also produced good agreement with the
data for the resonance at E,=12.450+0.020 MeV
(J"=%", T=3, E,=12.309 MeV, I =200=z50 keV,
T, /I'=0.4£0.2, and y =90°). (In Ref. 2 this reso-
nance is listed at E,=12.39 MeV, but must also

be shifted because of the calibration problem noted
above.) The agreement between the results of
these analyses and the previously accepted values
for these levels® serves as a check both on the
optical-model analysis and on our phase-shift
analysis procedures and programs.

IV. RESULTS
E=11.200 MeV (T=% ground state); proton decay

In 1969, in a preliminary analysis of the de-
layed-proton emitter '"Ne, Hardy, Esterl, Sextro,
and Cerny’® reported a substantial (26 + 8%) decay
from the lowest T =3 state in I"F to the 0*, 6.05-
MeV state in %0 with no decay (<10%) observed
to the 3~, 6.13-MeV state in °0. This result was
in disagreement with the earlier results of
Patterson, Winkler, and Zaidins®® which sug-
gested that the dominant decay modes for this

ANALOG OF '"N (Ey=1.37 MeV)
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FIG. 6. Phase-shift analysis of the $0(p,p)1%0 elastic
scattering data for the 7= % resonance at E,=12.71
MeV. The data are taken from the work of Hardie,
Dangle, and Oppliger (Ref. 16) and have been shifted
slightly in energy as discussed in the text.
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state were proton emission to the 6.13- and 7.12-
MeV states in *0. During the course of our mea-
surements, a careful study of the various elastic,
inelastic, and reaction channels in the neighbor-
hood of this resonance indicated I',, »T, , in good
agreement with the results of Patterson, Winkler,
and Zaidins.?® At 6, = 165° the p, group has less
than 5% of the intensity of the p, group and shows
a variation of <20% in its intensity at the reso-
nance compared to the 10% variation in the in-
tensity of the p, group. More recently, the final
analysis of the !"Ne delayed-proton data by Hardy
et al .'® (see particularly their footnote 47 and
their Table VI) is now consistent with the °0(p, p’)
results, indicating a ratio for the decays of this
state to the 6.05- and 6.13-MeV states in 'O of
116.13)/1(6.05) > 20 when penetration effects are
included.

E=12.553 MeV (T=2 first excited state)

In view of the extensive elastic scattering data
already published for this resonance,!®+:2°:2! we
used this resonance (E,=12.708 + 0.004 MeV) only
as a check on our energy resolution, and as a
check of our analysis procedures, as already de-
scribed above (see Fig. 6). The resulting param-
eters extracted by our analysis of the Wisconsin
data'® for this resonance are listed in Table I.

E£=13.063/13.080 MeV
(T=2 second and third excited states)

The 7T,=3 analogs of the 1.85-MeV (3*) and 1.91-
MeV (£7) states in "N are found in 7O at 12.947
MeV (3*) and 12.993 MeV (£7); see Fig. 1. In V'F,
Hardie, Dangle, and Opplinger'® found a narrow
resonance in this region and noted that there was
a suggestion of a doublet in the structure they
observed. Van Bree and Temmer?! also studied
this region very carefully using the *O(p, p,) and
(p, p') reactions but were able to extract only one
resonance (E,=13.066+0.008 MeV) from their
data for which they derived an assignment of 3~
or £=. The F(p, t)'"F reaction populates one
level in this region very strongly??' 2 (presumably
the 3* analog) but the energy resolution (~50 to
100 keV) was not sufficient to locate the state ac-
curately or to resolve the two states if both were
populated. The *N(®He, n)!"F reaction was ob-
served?**25 to populate one level in this region
(E,=13.059+£0.009 MeV, I <25 keV) for which a
tentative assignment of 3~ or - was made.?
More recently, Harakeh, Snover, and Paul’ ob-
served a narrow resonance in the %0(p, y,)''F
reaction corresponding to E, =13.065+0.006 MeV
(I <8 keV). The predominantly E1 character of
the y decay indicates an assignment of 3, $~, or
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%~ for this level.

Our data in this energy region are presented in
Figs. 7 and 8. In addition to the strong resonance

(3). In the case of the lower member of this
doublet (E,=13.250 MeV), only the 3~ partial wave
could produce a reasonable prediction of the

at E,= 13.250+0.004 MeV (E,=13.061+0.004 MeV,
I'=2+1keV), there is also clear evidence (for
example, in the elastic scattering data at 6,
=137.6 and 166.0°) for the second member of the
T =} doublet at E,=13.271+0.004 MeV (E, =13.080
+0.004 MeV, I'=2+1keV). A single-level phase-
shift analysis was carried out for each of the mem-
bers of this doublet with the phase-shift param-
eters for the nonresonant partial waves fixed at
the values extracted from the optical-model anal-
ysis described above and with the resonant partial
wave required to have the dispersion form of Eq.

TABLE I. Properties of T = levels in A=17.

shapes of the experimental excitation functions.
For the upper member of this doublet (E,=13.271
MeV) the effect of the resonance is too weak in

the elastic scattering to be decisive in deter-
mining the resonant partial wave. The curve

through the data in Fig. 7 at the upper resonance

shows that a consistent description of the data

can be obtained for a J "=3" assignment, com-
patible with the °F(p, ¢)"F results®?'2% and with

the assignments in !N and !’O. The resulting

resonance parameters are listed in Table I. The
errors assigned are subjective estimates of how

E, ('N) 2 E, ("0) b E, ('F) E, r ¢
(MeV) (MeV) (MeV) Reaction (MeV), (keV) l",,0 /T JT (deg) Ref.
0.00 11.079£0.005 11,06 0,03 !°F(p,t)''F 4,9 d
11.195+0.007 N@He,n)I'F -+ <20 'y e
11.202+0.008 O(p,p)*0  11.276 <0.8  0.20 i~ £
11.196+0.007 %O(p,p)®0  11.266 0.5 0.10 & g
11.204+0.006 %O(p,y)'"F 11275 =<3 0.088+0,016 4~ h
1.373+0.001 12.465+0.004 12,53 +0.03 F(p,t)!I'F ¢, d
12.540+0.008 !5N@He,n)!'F <25 i, g' e
12.554+0.008 O(p,p)®0 12,714 <3.3 & f
12.556+0.007 %0(p,p)%0 12,713 1.8 0.30 ¥ g
12.553+0.006 'O(p,n)""F 12,710 <3 h
12.551+0.004 ¥O(p,p)0  12.708 3 1 0.26 +0.04 " 130 i
1.850+0.001 12,947+0.006 13.02 +0.04 °F(p,t)!'F (51*) d
13.080+0.004 '¥O(p,p)0  13.271 2+ 1 0,04 £0,02 (E’*) 10 j
1.907+0.001 12,993+0.006 13.059+0.009 NCHe,n)!'F cee <25 G99 e
13.065+0.007 '%0(p,p)®¥0  13.255 =2 0.19 ¥ g
13.065+0.006 %0(p,y!"F  13.255 =8 0.20 h
13.061+0,004 ' O(p,p)®0  13.250 2+ 1 0.15 +0.04 3" 160  j
2.527+0.001 13,640+0.005 13.782+0.004 !€O(p,p)®O0  14.017 12+ 5 0.02 =0.01 g* 0 j
3.129+0.001 (14.282+0.006) 14.311:0.012 1%0(p,p)%0  14.580 <20 0.17 () g
14.309+0.006° *O(p,y)""F  14.578 34x 5 0.17 &4 h
14.310£0.010 %0(p,p)0  14.579 20+ 5 0,11 x0.03 ¥ 115 j
3.208+0.002 (14.219+0.008) 14.179+0.012 ¥0(p,p)®0 14,440 =50 () g
14.174+0.010 %0(p,y)!"F  14.434 4210 G40 h
14.177+0.006 %O0(p,p)®0  14.438 27+ 5 0.04 +0.02 i 180 j

2 References 2 and 8,
b References 2 and 6.
" ©The phase angle v is defined in the text.
d Reference 22.
¢ References 24 and 25.

f Reference 20.

g Reference 21,

h Reference 7.

! Reference 16 and present analysis.
J Present results.
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much a given parameter could vary before the
quality of the comparisons deteriorated signifi-
cantly and the fits became unreasonable.

In Fig. 7, it is clear that there are problems
in the magnitude of the absolute cross sections
predicted at 137.6 and 151.8°. These could be
improved considerably by changes in the non-
resonant phases, but we feel that there is less
significance in such multiparameter variational
games and their results than in the comparison
presented here. In addition to the choice of reso-
nant partial wave and the position (E,) and width
(I) of the resonance, there were only two free
parameters at each resonance [(I‘ﬂ,0 the elastic
-scattering partial width, and y the relative phase
defined in Eq. (3)] which could be used to obtain
these fits.

E=13.782 MeV (T=2 fourth excited state)

This state had not been previously observed in
"F. In the present data (e.g. Figs. 9 and 10) it is
seen prominently in the (p, @,) and (p, p’) channels
but only weakly in the elastic scattering (I', /T
=0.02:0.01). A phase-shift analysis, using the
procedures discussed above, establishes J"=3".
A comparison of the resulting cross-section pre-
dictions with the experimental excitation functions
is shown in Fig. 9. The resonance parameters
extracted from this analysis are listed in Table I.

Our assignment of 3* to this level is consistent
(1) with the tentative assignment of 3* to the 7,=3
analog in 'O by Détraz and Duhm?® on the basis

T

r . — T 2
24 Bc.m.=123.2° 104 12k Bcm.=151.8° |
22}
20
& 5 a
S8 3 3
€ € E
g - z
-~ _; . o )
g > SE Z€
0 =L s
S S ..". ope S
2 D 26f ~ 26 E
S0 3‘3 3
241 BPY
8
221 H22
6 F 1
20} 420
4 h .
1 " 1 - Il 1 |s 1 i Il 1 |B
1323 1325 1327 13.29 1323 1325 1327 '13.29
Ep(MeV) Ep(MeV)

FIG. 7. Single-level phase-shift analyses of the ¢0-
(p,p)1%0 elastic scattering data for the T= 3 resonances
at £,=13.25 and 13.27 MeV.
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FIG. 8. 180(p,p")1%0 and "O(p, )13N data at the T= %
resonances at E,=13.25 and 13.27 MeV. Sample relative
error bars are shown.

of a distorted-wave Born-approximation (DWBA)
analysis of *O(*He, )"0 data; (2) with a more
recent assignment®: ® of (3, $)* to the T,=$ mem-
ber in "N; and (3) with the failure of Harakeh,

5000 T T —
..\..*
(%]
= 4000} * 4
ES i
2 |
> ! ay (8, . =90°)
o .‘.....4, H lab
o
o Wi
3000f ™ ! 4
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¢ it
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28| D :
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N
P

19 |- 'u". °

= vy weeg®_ o Po (Bcm=137.6°
18| fo 3
22 ° i-- ® 0 fo

P i_'}'/\-i_'v_ Po (Bem=123.2°)
21 . -'.P

Loa a4 | U VO S S N 'Y

13.95 14.00 14.05

Ep(MeV)

FIG. 9. '%0(p,)!®N data and phase-shift analysis of
the 180(p,p)180 elastic scattering data for the T= 3 res-
onance at E,=14.02 MeV. Sample relative error bars
are shown. The dashed line with the (p,a) data is only
to guide the eye.
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Snover, and Paul” to observe this level as a reso-
nance in the %O (p, y)'"F reaction.

E=14.177/14.310 MeV
(T=3 fifth and sixth excited states)

The states are seen as prominent resonances
in the elastic-scattering and reaction cross-sec-
tion data presented in Figs. 11-14. A phase-shift
analysis of the elastic scattering data using the
procedures discussed above establishes J" =3~
for the level at E,=14.177 and J " =%~ for the level
at 14.310 MeV. Comparisons of the resulting
cross-section predictions with the experimental
excitation functions are shown in Fig. 11. The
resonance parameters for these two levels ex-
tracted by this analysis are listed in Table I.

These levels were previously located by Van
Bree et al.?!; their assignment of negative parity
for both resonances and their suggestion of /=3
for the upper resonance are consistent with our
results. More recently Harakeh, Snover, and
Paul” assigned J " =(3, 2,1)" for both levels on

180 (p, p;,pz,neo ' ' 'éé(;,;;»‘p;)"éd
8800 + ‘ 25K _
s4oo: H++ { — 2m<i ¢ "0 ]
i i ]
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esoo: & #H%m# #ﬁ 1 o OKE MM «
:BZOOC 135 W g : 135¢ +++ ++
3 = +g8 05K} t ]
s200f « e N
oy J 1 ' . soooE + ]
8800} M+ﬁ‘+ + | }” 1 T ++J}wﬁ#++w+++ | | 5
TR E
T 1so° Y [ 150° ]
: Hm* _ 7200} # E
- -+ T T
9000 ; Mﬁ : 7000 W#M i
I 165° # aoooL 165° “ E
8000} *}# i w H*
7000 ;3.9;;;(&437) a0s ' ;3.9;;:(;&:3&))' 205
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FIG. 11. Single-level phase-shift analyses of the 1¢0-
(b,)1€0 elastic scattering data for the T = $ resonances
at E,=14.44 and 14.58 MeV. Sample relative error bars
are shown.

the basis of their 1°0(p, y)'®F data. The recent

HB("Li, p)''N assignments® of (3, 3,1) and (3, 3~
to the corresponding levels in ’N are also con-
sistent with the results of our analysis.

These results are all inconsistent with the re-
cent suggestion®” that J " =3* for the resonance
at £,=14.579 MeV. That suggestion was made
on the basis of cross-section and polarization

'0(p.p+p2)'€0
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FIG. 12. 180(p,p’)1%0 inelastic scattering data in the

FIG. 10. 1%0(p,p")1%0 inelastic scattering data at the
T =2 resonance at E,=14.02 MeV. Sample relative er-
ror bars are shown.

region of the T= § resonances at E,=14.44 and 14.58
MeV. The vertical lines indicate the locations of these
resonances as determined from the analysis of the elas-
tic scattering.
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measurements at 6, =145 and 165°. In Fig. 15
we have compared the (do/dR) predictions for a
3" resonance and a 1~ resonance, and it is clear
that although resonances for these two partial
waves can be made to behave similarly at back-
ward angles there are striking differences at for-
ward angles. From a comparison of the curves in
Fig. 15 with our data in Fig. 11, it is clear that
our data at 6., =63.2 and 93.7° definitely indicate
a 1~ resonance rather than a $*.
Higher T=% excited states

The search for additional T =3 states in !’F was
extended in steps of 5 keV for another 2 MeV above
the resonances at E,=14.44 and 14.58 MeV to a
proton energy of 16.60 MeV, E,=16.209 MeV.
The resulting elastic scattering excitation func-
tions are plotted in Fig. 16 and show no obvious
evidence for such states. The approximate ex-
pected locations for additional T =3 resonances
(based on known 7 =3 levels in "N and 170) are
indicated by the lines at the top of the plot. The
two arrows indicate energies at which disconti-
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FIG. 13. 1%0(p,p")!%0 inelastic scattering data in the
region of the 7= % resonances at E,=14.44 and 14.58
MeV. The vertical lines indicate the locations of these
resonances as determined from the analysis of the elas-
tic scattering. Sample relative error bars are shown.
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lines indicate the locations of these resonances as deter-

" mined from the analysis of the elastic scattering.

nuities in the experimental measurements were
caused by instrumental effects, specifically a
significant adjustment of the SCA windows and a

‘substantial retuning of the beam-transport param-

eters.

V. DISCUSSION

A simple shell-model description of the low-
lying, negative-parity states in "N can be ob-
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FIG. 15. Comparison of the predicted excitation func-
tions for a ¥~ and a$" resonance at E,= 14.58 MeV.
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tained by coupling a p,,, proton hole to the low-
lying states in '®0, as suggested previously by
Littlejohn?® and by Margolis and deTakacsy.?®

In such a model the three lowest states in 20
(0.00, 0*; 1.98, 2*; and 3.55, 4*) are seen as
predominantly d;,,®> neutron pairs outside a closed
p-shell core. The excited 0* state at 3.63 MeV is
an s;,7 neutron pair, while an s, ,,ds, neutron
configuration can account for the 3.92-MeV (2*)
and the 5.37-MeV (3*) levels in *0. Coupling a
b1 proton hole to the d,,? configurations would
generate a set of 37,37, 7, Z-, and 2" levels in
N. In fact, the results of the present *O+p
phase-shift analysis and the Oxford ’N results®
establish the location of the first four of these
levels, e.g. Fig. 17. Furthermore, the “'B("Li, p)-

'60(p.p,)'€0
CExin F (MeV)
15.00 15.50 16.00
T 7 l”' T 7 "‘Flﬁ ll'*l*' T
10 =60°
Mw
Bqp =90°

(do/dQ)¢ m.(mb/sr)
o
T

FCS DRSS UV [V (Y SR RSN N TN S S

15.00 15.50 16.00 16.50
Ep (MeV)

FIG. 16. 180(p,p)'%0 elastic scattering excitation func-
tions measured in 5-keV steps up to E,=16.60 MeV. The
vertical lines at the top of the figure indicate the expected
location of additional 7= £ states in !’F on the basis of
the excitation energies of states in !"N. The two arrows
indicate energies at which discontinuities in the experi-
mental measurements were caused by instrumental ef-
fects.

1©

N work® also suggests the identification of the
3.63-MeV level in "N as the &~ member of this
configuration. The T,=-3} analog of this level was
not seen in the present %0 + p experiments. The
£~ state at 3.20 MeV in YN and its 7,=-3% analog
at E,=14.177 MeV in '"F can then be seen as cor-
responding to a p,,, hole coupled to the (ds,;5,/,)z+
configuration.

The low-lying positive-parity states in ’N must
correspond instead to (p,,,) 2 3p-2h configura-
tions. These states can be obtained either by
coupling a second p,,, hole to the 3p-1h states in
80 [E,=4.45 MeV, “F(3")®p,,,~%, and E,=5.09
MeV, ®F($")®p,,, "] % or by removing an sd-shell
proton from one of the 4p-2h configurations in 20
(e.g. 0* at E,=5.33 MeV).3! Although these 3p-1h
and 4p-2h states lie well above the 4*, 2p-0h state
at 3.55 MeV in %0, the corresponding 3p-2h states
in N would be expected to lie below the 2p-1h
states based on the 3.55-MeV 4* state because it
is energetically easier to remove the unpaired
b, /. proton from the 3p-1h configuration or to re-
move one of the sd protons from the 4p-2h con-
figuration than to remove one of the paired p,
protons from the 2p-0h configuration. In fact, a
comparison of the proton separation energies for
various configurations in the A =15-18 region
where one can identify the character of the sepa-
rated proton indicates that relative to the (2p-0h)
- (2p-1h) configuration, the (3p-1h) - (3p-2h) con-
figurations will be lowered by 1 to 2 MeV and the

555 ot 3.63 (7/2.9/21

) e TS

303 772"

1.98 2" 191 5/2"

137 32"

0.0 o* 0.0 12"
|BO |7N

FIG. 17. The low-lying 2p-1h, T= 3 negative-parity
states in A =17 related via the coupling of a p;/, hole to
the low-lying 2p-0h, 7T=1 states in A =18.
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(4p-2h) ~ (3p-2h) configurations by ~2 to 3 MeV.
(For example, the removal of an sd-shell proton
from ®Ne to form the lowest 3* and 3* states in
7F costs about 2.8 MeV less than the removal of
a paired p,,, proton to form the 3.11-MeV, 3~
excited state in !”F.) This lowering of the ex-
pected location of the 3p-2h positive-parity states
in I'N is consistent with the observed location of
the lowest positive-parity states in N, 3* at
1.85 MeV and £* at 2.53 MeV.

All of the T'=3 states in 'F above E, =12.728
MeV are unbound to isospin-allowed decays, and
a study of these decays can provide information
about the configurations of these states. (An
analysis of the various isospin-forbidden decays
of these states gives us information only about
the character of the T=3% impurities mixed into
these states and not about the 7 =% configurations.)
Unfortunately, none of the isospin-allowed decays
have been directly observed for these states.
However, if we take the 0.5- to 3-keV widths of
the four lowest T =% states as an indication of the
widths to be expected due to 7'=3 impurities (the
lowest two are bound to isospin-allowed decays;
the next two are unbound to the isospin-allowed,
15N +2p, decay by only ~300 keV so that their iso-
spin-allowed decays will be greatly inhibited by
the Coulomb barrier), then the considerably : .
larger widths (12 to 27 keV) of the next three T=3
states in "F show the effects of the isospin-al-
lowed decay channels. Furthermore, the relative
sizes of these three widths are consistent with
the configuration descriptions discussed above.
Because the isospin-allowed decays are to [N
+2p = (0p-1h)+2p] and [*°0* (T'=1) +p = (1p-1h) + 1p]
configurations, the decay of the 3* (3p-2h) state
(I' =12 keV) would be expected to be weaker than
the decays of the negative-parity (2p-1h) states
(r=20 and 27 keV). Among the negative-parity
states, the centrifugal barrier should inhibit the
decay of the -~ state (I' =20 keV) relative to the
decay of the 3~ state (I' =27 keV). [The - state

3

2
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can decay by s-wave proton emission to the lowest
three %0 (7'=1) states (d wave to the fourth) and
by emission of two s-wave protons to the *N
ground state. The %~ state, however, can decay
to the first four T'=1 states of '°0O only by g-, d-,
d-, and s-wave proton emission, respectively, or
to the '*N ground state by emission of two p-wave
protons (or one d-wave and one s-wave proton,
etc.).]

An analysis of the masses of the various T=3
levels in the A =17 quartet in terms of the iso-
baric .multiplet mass equation,

M4, T)=a+bT+cTS,

is presented in Table II. The parameters a, b,
and ¢ and their errors were determined from a
weighted least-squares fit to the masses. For
the cases where all four members of a quartet
are known, the errors in the T,=~3 members are
too large to justify the inclusion of a cubic term.
The "Ne excited state at 1.84+0.07 MeV has not
been included in this analysis; it is presumably
the T=-3 projection of either the 3* or 2~ mem-
ber of the 1.86/1.91 MeV doublet in !’N (or the un-
resolved analogs of both), but there is no infor-
mation to indicate which. The "Ne (2.77-MeV)
state and the two highest 7O states listed in the
table are enclosed in parentheses to indicate that
since there is no spin-parity information avail-
able for these levels it is not clear that they are
indeed the proper analogs of the "N and "F states
listed on the same line. The ordering of the Z-,
2~ doublet is reversed in N and '’F, and in 7O
where these levels are only 60 keV apart the sim-
ple ordering of the levels is not sufficient to
establish their correspondence to other members
of the T =% quartet. (A similar situation involving
reversed ordering exists for the 3*, $~ doublet
at lower excitation energy, but in that case spin-~
parity information for the 1’0 levels determines
the correspondence.)

In examining the behavior of the coefficients b

TABLE II. A=17T =$ quartet masses,

JTOUN(T, =9) Yor, =}  "F(T,=-dH 'Ne(T,=-) (MaeV) (MbeV) (MCeV) x?
77 7.8710.015 10.272+0.005 13.152+0.007 16.4790.050 11,652+0.005 —2.878+0.008 0.237+0.009  0.30
-g_ 9.244+0.015 11.658+0.005 14.,505+0.005 17.829+0.086 13.027+0.005 —2.848+0.007 0.218+0.009 0.24
EI+ 9.721+ 0,015 12,140+0.006 15,032+ 0,005 13.527+0.005 —2.892+0.008 0.237+0.010

g’- 9.778+0.015 12,186+0.006 15.015+0.004 s 13.548+0.005 —2.829+0.007 0.211+0.010

-g+ 10.398+0.015 12.833+0.005 15.734+0.004 (19.249+0.086) 14.224+0.004 -2.903+0.006 0.237+0.009 2.74
57' 11.000£0.015 (13.475+0.012) 16.262+0.006 14.829+0.009 -2.787+0.013 0.156+0.014

%- 11,079+0.015 (13.412+0.008) 16.129+0,006 14.723 +0.007 ~2.717+0.010 0.192+0.011
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FIG. 18. Dependence of the linear coefficient in the
isobaric multiplet mass equation on the excitation energy
of the multiplet. The straight lines through the data
points are least-squares fits and have the slope indicated
for each mass. Error bars determined from fitting the
individual multiplets are shown except where they are
smaller than the plotted points.

and c in Table II, there is a suggestion that b is
more negative for the positive-parity states than
for the negative-parity ones while ¢ is more
‘positive for the positive-parity states than for the
negative-parity ones. From an examination of the
dependence of these coefficients on A (e.g.
Janecke®?), it might be argued that such behavior
is expected for b on the basis that the negative-
parity states with an odd hole in the p shell should
behave more like the p-shell quartets than the
positive-parity states which have an odd particle
in the sd shell. However, such an argument is in
disagreement with the apparent variation of ¢ be-
.tween positive- and negative-parity states.

There is also a suggestion in Table II that both
the b and the ¢ coefficients for the negative-parity
states are functions of excitation energy

~ Ab/AE, = +42 keV/MeV,
Ac/AE,~ - 18 keV/MeV .

An analysis of the data of Benenson et al.! on the
A =25, T=% quartet also suggests a similar energy
dependence of the b and ¢ coefficients for the four
lowest positive-parity states (Ab/AE,~ +50 keV/
MeV and Ac/AE,~ — 15 keV/MeV). In examining
the T =1 triplets in A=14 (0 <E, <8.5 MeV),*

T N T T T T T T
M-A = a+bT, + ©T?
400} 4
300} ’\ 4
._.\i\
200} J
A=14 (-9 keV/MeV)
100} 1
0
*0'\.
200} J
\"\ A=I7 (-18 keV/Mev)
100} 4
s o\t
[
=
300L\\ 1
L .
200} oo~ A=I8 (-35kev/Mev).
100}
0
200F T i
—— A=25 (-19 keV/MeV)
100} .
0?—
|
200k —~ A=26 (-22 keV/MeV) |
100} 1
0 1 1 | 1 1
0 4 8
Ex(MeV)

FIG. 19. Dependence of the quadratic coefficient in the
isobaric multiplet mass equation on the excitation energy
of the multiplet. The straight lines through the data
points are least-squares fits and have the slope indicated
for each mass. Error bars determined from fitting the
individual multiplets are shown except where they are
smaller than the plotted points.

A=18 (0<E ,<4MeV),** and A=26 (0<E,<3
MeV)* (virtually the only other isospin multiplets
for which more than one or two excited states are
well identified and spread over an energy range of
more than 2 MeV) the data are also consistent with
energy-dependent terms of this same sign and
magnitude, as seen in Figs. 18 and 19. The energy
dependence of these coefficients has been examined
in terms of the Thomas-Ehrman shift and in terms
of variations in the nuclear charge distribution.
The results of this analysis will be presented
separately .
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