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From a study of the19F(n,g) reaction with thermal neutrons incident on a Teflon target, 168g rays have
been detected and incorporated into a level scheme of20F consisting of 35 previously known levels and a new
one at 5939 keV. Two low-energy primaryE1 transitions of energies 584 and 665 keV together account f
more than half of the total capture cross section. They populate, respectively, states at 6018 and 5936 keV~both
Jp522). These states are also excited strongly in the19F(d,p) reaction. From each of these states, 17g rays
were observed to the lower-lying states. Theseg rays constitute the largest number of branches reported fro
any nuclear bound state. A weak (661mb)g ray of energy 4630.660.9 keV, placed as a transition between the
neutron-capturing state~which is a 01 and 11 mixture! and the 1971-keV, (32) state, might represent the first
observation of a primaryM2 transition in the (n,g) reaction. The total thermal-neutron-capture cross sectio
of 19F was measured as 9.5160.09 mb; and the neutron separation energy of20F as 6601.3560.04 keV.
Estimates of direct neutron capture have been made using physically realistic optical-model parameters.
model estimates are in reasonable agreement with the measured~partial! cross sections. While constructing the
(n,g) level scheme, the existing data on bound levels in20F were critically evaluated. The lifetime values for
many levels are poorly known. Therefore, the lifetimes for 25 levels were measured by the Doppler-s
attenuation method using the inverse reaction2H~19F, pg) on implanted deuterium targets. The experimenta
level properties such as excitation energies,Jp assignments, branching ratios, and lifetimes have been co
pared with the results from a large-basis shell-model calculation. The agreement was found to be quite
but this comparison points out also the need for acquiring new data to give more definitiveJp assignments.

PACS number~s!: 25.40.Lw, 21.10.Tg, 21.60.Cs, 27.30.1t
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I. INTRODUCTION

There is now a substantial body of evidence@1# to show
that a simple direct mechanism—consisting of a neutron t
is initially in an s orbit in the overall potential field of the
target nucleus making a transition to ap-wave orbit in the
final nucleus—can explain the absolute cross sections of
mary electric-dipoleE1 transitions in the (n,g) reaction at
off-resonance energies. This is especially the case for li
nuclei (A,50). In a series of recent papers@1–8#, this
mechanism has been employed in the analysis of experim
tal data in a quantitative way. For all the nuclides studied
these papers, the bulk of theE1 primary transitions following
thermal-neutron capture can be described as predomina
direct in nature, and the small discrepancies between
quantitative estimate of the direct-capture cross sections~in a
realistic optical-model framework! and the experimental data
can be attributed plausibly to the admixture of more compl
‘‘compound-nuclear’’ contributions to the capture ampl
tudes.

*Deceased.
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The case of 9
19F10 is especially interesting for two reason

~i! This nucleus lies just above the group of nuclides end
with 8

16O8 where the 0p shell
1 has become filled, and the 1p

orbit still lies at higher energy; hence, the single-particle 0p-
wave components are expected to be small in the low-ly
final states of20F, and the competition between the dire
and compound-nuclear mechanisms in the19F(n,g) reaction
may be more severe than in the cases treated before@2–8#.
~ii ! Partially reflecting this expected lack of 0p-wave con-
tent, the bulk of the capture cross section is carried by t
comparatively low-energy transitions (; 0.6 MeV! in con-
trast to the capture spectra of most nuclides in which
strongest primary transitions are at much higher energ
Our objective is to ascertain if the overall (n,g) behavior of
19F is consistent with our current understanding and kno
edge of the capture mechanisms.

1Our notationN50,1,2, . . . for the principal quantum number
different fromN51,2,3, . . . that we used earlier@2–8#. The cur-
rent notation seems preferable because~i! N directly gives the num-
ber of nodes in the radial wave function and~ii ! 2N1 l gives the
number of quanta in the major oscillator orbit.
616 © 1996 The American Physical Society
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TABLE I. Partial list of references to previous measurements on20Fe levels. See Ref.@9# for additional references.
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618 53S. RAMAN et al.
Approximately 88 bound states are known in20F from a
variety of studies~see Table I! @9–57#. About 40% of these
are populated significantly in the current~thermal n,g)
study. In this paper, we have provided a conspectus of th
bound states, their spin and parity (Jp) assignments, and th
reasons for these assignments. We have surveyed the
times of these bound states by the Doppler-shift-attenua
~DSA! method using the inverse reaction2H(19F, pg) on
deuterium targets implanted in gold~high stopping power!
and silicon~low stopping power! backings. Computer simu
lations of theg-ray line shapes with the Monte Carlo~MC!
method have yielded lifetime values for 25 bound states
low an excitation energy of 6.1 MeV. We have also compa
the level properties of20F with those calculated with a large
basis shell-model interaction.

II. MEASUREMENTS AND RESULTS

A. Gamma rays in 20F

The 19F(n,g) reaction with thermal neutrons has be
studied previously with Ge detectors at the Petten, Sto
holm, Grenoble, and McMaster reactors by Spillinget al.
@28#, Hardell and Hasselgren@29#, Hungerfordet al. @30#,
and Kennett, Prestwich, and Tsai@31#, respectively. The
Petten, Stockholm, and McMaster studies employed Te
@(C2F2)n# targets that can be obtained readily in an ultrap
form—a factor that is important given the small cross sect
for this reaction (;10 mb!. ~Among natural elements, onl
He, Be, C, O, and Ne have cross sections that are smaller!At
the Grenoble high-flux reactor, Hungerfordet al. @30# chose
not to use Teflon, probably fearing decomposition result
from heating of the sample. Instead, they employed target
NaF and PbF2 , and relied, for proper identification as ag ray
in 20F, on its appearance in both spectra with the corr
intensity ratio.

In this work, the 19F(n,g) reaction was studied with a
4.30-g Teflon target placed in the thermal column of the
ternal target facility at the 8-MW Los Alamos Omega We
Reactor. This facility and the data analysis procedures h
been described in detail in Refs.@2# and@6#. The neutron flux
at the target position was;631011 n/cm2 s. This flux was
approximately Maxwellian corresponding to a temperat
of 350 K. Gamma-ray spectra were obtained with a 30-c3

coaxial intrinsic Ge detector positioned inside a 20-cm-di
3 30-cm-long NaI~Tl! annulus. The Ge detector was ope
ated either in the Compton-suppressed mode~with a gain of
0.453 keV/channel! or in the pair-spectrometer mode~0.628
keV/channel!. Selected portions of the measured spectra
shown in Fig. 1.

The primary calibration energies were those reco
mended by Wapstra@58#: 511.0006 0.002 keV for annihi-
lation radiation; 2223.2536 0.004 keV for theg ray from
the 1H(n,g) reaction, and 4945.3036 0.030 keV for the
ground-state transition in the12C(n,g) reaction. All capture
cross sections reported herein are normalized to the rec
mended value ofsg(2200 m/s)5332.660.7 mb @59# for
1H present in a 100.0-mg CH2 standard. Because the mo
probable neutron velocityy was greater than 2200 m/s,
1/y dependence was assumed for the capture cross sec
of both 1H and 19F. Corrections for self-absorption and a
tenuation were applied. Theg-ray energies (Eg), intensities
ese
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(I g), and level placements are listed in Table II.
Many doublets (;20 with separation,4 keV! were

present in the spectra. Through optimization and gain sta
lization, performance levels@as measured by the full width at
half maximum~FWHM!# in the Compton-suppressed mode
of 1.33, 1.71, 2.27, and 2.69 keV were attained forg rays of
energies 0.5, 1.0, 2.0, and 3.0 MeV, respectively. In the pa
spectrometer mode, the FWHM values were 1.82, 2.76, 3.1
and 3.49 keV forg rays of energies 2, 4, 5, and 6 MeV,
respectively. The ability to visualize the 3586.2- and 3589.
keV doublet@see Fig. 1~c!# and the 4092.3- and 4095.0-keV
doublet@see Fig. 1~d!# are examples of the resolution capa
bilities of this system. At 5 MeV, the current FWHM of 3.10
keV compares favorably with the previous best value of 3
keV attained at McMaster@31#.

The 3098-keV and the 4070-keV peaks in Fig. 1~b! and
Fig. 1~d!, respectively, represent very weak (;7 mb each!
g rays. The detection limit for ag ray in the 0.1–10.0 MeV
region was typically;3 photons per 104 thermal-neutron
captures~or ;3 mb) which is a factor of;2 better than in
previous measurements. This improvement, in turn, has
sulted in a significant increase~see Table III! in the number
of g rays~particularly below 3 MeV! identified in this work
as belonging to20F. Most of the 24 unplacedg rays and a
few of the placedg rays reported by Hungerfordet al. @30#
were found to be spurious. However, their origins could n
all be traced. The remaining 89g rays listed by them and all
g rays ~totaling 91! assigned to20F by Kennett, Prestwich,
and Tsai@31# have been confirmed in this work.

The peak at 662 keV@see Fig. 1~a!#, which has been
treated in all previous studies@28–31# as representing a
single transition between levels at 1971 and 1309 keV,
actually a very close doublet. If analyzed as a single pea
the measured energy of 661.866 0.03 keV differs signifi-
cantly from the value of 661.636 0.04 keV expected for the
1971→ 1309 keV transition from energy combinations in
volving other transitions. Once the lower member of the do
blet isfixedat 661.63 keV, the analysis@see Fig. 1~a!# reveals
the presence of a weak 662.2-keVg ray between the stronger
661.6- and 665.2-keVg rays.

B. Level scheme of20F

The level scheme resulting from this work is presented
Table IV. All g rays ~except for three weak ones at 804
1035, and 3917 keV! have been incorporated into this
scheme consisting of 36 bound states. By combining the
sults of the four previous (n,g) studies@28–31#, it is pos-
sible to make a list of 29 levels that are populated signifi
cantly in this reaction. Of these, 26 are genuine including th
levels at 3590 and 4592 keV proposed by Kenne
Prestwich, and Tsai@31#. The levels proposed at 4508.7 keV
by Hungerfordet al. @30# at 5413.1 keV by Spillinget al.
@28#, and at 5713 keV by Hardell and Hasselgren@29# are
most probably not genuine. Theg rays associated with these
levels are either not seen in the current, more sensitive stu
or are placed elsewhere in the level scheme. A new level h
been introduced at 5939 keV that is populated mainly by th
662.2-keVg ray. This level deexcites by means of five sec
ondaryg rays. Except for this level, all other levels deduce
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FIG. 1. Portions of theg-ray spectrum from
the 19F(n,g) 20F reaction with thermal neutron
showing several resolved doublets. See Sec.
for related discussion.
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from the current experiment correspond to known levels
20F. The population in the (n,g) reaction of the known levels
at 2865, 3172, 4893, 5226, 5283, 5466, 5623, 5810, a
6299 keV is reported here for the first time.

Level energies listed in Table IV from this work were
obtained through an overall least-squares fit involving
placed transitions except those noted in Table II with a foo
note d. In deducing these level energies, nuclear recoil w
taken into account. The intensity balance for each of t
excited states is excellent~see columns 5–7 of Table IV!.

For most states in20F, the charged-particle reaction stud
with the smallest reported uncertainties in the quoted le
energies is the (d,p) study by Rollefson, Jones, and She
@15#. Where comparisons can be made, their energies ag
very well with the more accurate values obtained in the c
rent ~thermaln,g) study except for some small systemat
differences as shown in Fig. 2~a!. It is straightforward then to
apply a small correction to the (d,p) energies of Ref.@15#
@see Fig. 2~b! and Table V#. In constructing the overall level
scheme for20F, given in a later Table IX, we have used th
corrected energies for those (d,p) levels not seen in~thermal
n,g).

C. Neutron separation energy

Our deduced neutron separation energySn for 20F is
6601.356 0.04 keV where the uncertainty now includes th
uncertainty in the primary calibration energies. Our valu
and those obtained by earlier workers, 6601.336 0.14 keV
@30# and 6601.366 0.05 keV @31#, are in excellent agree-
ment even though there are small differences between t
standards and ours.

D. Capture cross section of19F

If a level scheme is complete and internal conversion c
be neglected, the quantities(Ig ~primary!, (EgIg /Sn , and
(Ig ~secondary to ground state! should all be the same
within their stated uncertainties. In the case of20F, the mea-
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sured values~in units of mb! are 9.546 0.18, 9.536 0.11,
and 9.476 0.15, respectively. These values also agree w
the cross-section value of 9.516 0.09 mb based on the sub-
sequentb2 decay of20F represented by the 1633.526 0.03
keV g ray in 20Ne. Our recommended cross-section value
9.51 6 0.09 mb for the19F(n,g) reaction is significantly
more precise than the currently accepted value of 9.66 0.5
mb @59#.

E. Gamma-ray branching ratios

The g-ray branching ratios measured in the current an
previous studies are important in determining allowableJp

assignments for the low-lying states~defined here as, 4.0
MeV!. We list the known branching ratios for these states
Table VI. With the exception of the 1824-, 2968-, and 3172
keV levels, the listed values are from the current study. T
uncertainties in our branching ratios are generally smal
than those of previous determinations. The branching lim
for the 1824- and 3172-keV levels are from Refs.@25# and
@22#, respectively. The results quoted for the 2968-keV lev
are based on data from Ref.@11#, but they are different from
the originally published values of 616 4% and 396 4% for
the 2968→ 1971 keV and 2968→ 823 keV transitions,
respectively, which are based solely on the intensities
these two transitions observed at 90° to the beam directi
Legg et al. @11# have also listed intensities for other transi
tions observed in coincidence with the gate set on the ‘‘296
keV’’ particle group, which gate encompassed as well an
formation of the nearby 2966-keV level. Our reinterpretatio
of these results includes~i! allowance for a possible contri-
bution in the particle gate from the unresolved 2966-ke
level ~with the branching ratios observed in the curren
study!, ~ii ! possible angular-correlation effects, and~iii ! con-
sideration~besides the two main transitions! of the other ob-
served transitions—but allowing for some background
random coincidences.
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TABLE II. Energies (Eg) and intensities (I g) of g rays from the19F~thermal,n,g)20F reaction.
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TABLE II. ~Continued!.
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F. Lifetime measurements

Also of importance in determining allowableJp values
are the electromagnetic transition strengths deduced from
level lifetimes. In Table VII we list previously reported life
time results@25,27,41,51–57#. In many cases the lifetimes o
20F states are either~i! unknown or~ii ! known but with large
uncertainties. In addition, there is reason to suspect that
lifetimes in the 10–100-fs range measured before 1983
systematically too long@46#. Therefore, we have undertake
a detailed measurement of the level lifetimes.

Details concerning previous DSAmeasurements are gi
in Table VIII. Measurements made during 1969–1975, wh
the DSA method was still in its infancy, suffered from se
eral shortcomings including~i! the use of the density value
of bulk material without pausing to consider that the targ
was actually prepared by evaporation,~ii ! the use of the
Lindhard-Scharff-Schio”tt ~LSS! theory @60#, which has been
the
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shown through measurements to be inadequate, and~iii ! the
use of theoretically derived corrections@61# for large-angle
scattering which introduce additional uncertainties in t
analysis of data. In this work, significant improvements ha
been made by~i! using the entire line shape in the da
analysis,~ii ! making measurements with targets implanted
high stopping-power media, and~iii ! simulating with the MC
method the slowing-down process, experimental conditio
and the delayed feeding from higher-lying levels to the le
being analyzed. Whereas in the past it was customary
arbitrarily increase the uncertainty in the extracted lifetime
reflect imperfect knowledge of the slowing-down mech
nism, it has now become possible to extract these lifetim
much more reliably and accurately.

The current lifetime measurements were performed at
Accelerator Laboratory of University of Helsinki by applica
tion of the DSA method in conjunction with the reactio
TABLE III. Increasing complexity in the study of the19F(n,g)20F reaction.
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TABLE IV. Level scheme of20F from the19F~thermaln, g! reaction.
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TABLE IV. ~Continued!.
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2H(19F, pg) 20F. High recoil velocities (;4% of the veloc-
ity of light c! produced in this reaction guaranteed that th
slowing down of the recoiling20F nuclei took place at ve-
locities at which the electronic stopping power dominat
and is experimentally known@62,63#. The level scheme of
20F is sufficiently simple and the branchings from the excite
states are sufficiently well known such that coincidence me
surements were deemed unnecessary and reliable lifetim
could be extracted from the singlesg-ray spectra which were
obtained, in most cases, with good statistics. Portions
g-ray spectra from the current DSAmeasurements are sho
in Fig. 3.

The 15-, 20-, and 28-MeV19F beams of about 200 par-
ticle nA were supplied by the 5-MV tandem accelerato
EGP-10-II of the Accelerator Laboratory. The beams we
focused to a 232 mm2 spot on the target. The measuremen
were performed at three different bombarding energies
order to populate the desired levels and to vary the effect
the feeding transitions on theg-ray line shapes.

The 2H targets were prepared by implanting firs
3.131016 at cm22 100-keV 20Ne1 and then 2.131017 at
cm22 45-keV molecular2H3

1 ions into 0.8-mm-thick gold
sheets. The20Ne implantation was necessary to provide tra
ping sites for2H and to avoid the diffusion of2H in Au @64#.
The vacancies produced in the2H implantation migrated to
the Ne-precipitate–Au interface and there effectively trapp
the 2H atoms@64,65#. A low stopping-power target was pre-
e
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pared by implanting 4.031018 at cm22 30-keV molecular
2H3

1 ions into 0.4-mm-thick crystalline Si substrates.
The targets were contained in an air-cooled target holde

made of stainless steel. The targets were set with their su
faces perpendicular to the beam direction. A vacuum bette
than 2mPa was maintained in the target chamber to preven
carbon buildup on the target surface.

The g rays were detected by an escape-suppressed sp
trometer, which is described in Ref.@66#. The escape-
suppression factor was;4. The energy resolution of the
spectrometer was 2.0 keV atEg5 1.33 MeV, 3.1 keV at 2.61
MeV, 3.9 keV at 3.33 MeV, and 5.4 keV at 6.29 MeV. The
detector was located 55 mm from the target at 0° relative t
the beam direction. A graded absorber~2.0 mm Pb, 1.0 mm
Cd, and 1.5 mm Cu!, set between target and the detector
reduced the counting rate due to low energyg rays and x
rays.

The g-ray spectra were stored in a 16 384 channe
memory with a dispersion of 0.537 keV/channel. For the
line-shape analysis, the contents of adjacent channels we
summed in cases whereEg.2.7 MeV. The stability of the
spectrometer was monitored with the 1461-keV40K labora-
tory background peak and with the stopped components
the g-ray peaks from the decay of the long-lived 4967-keV
state (Eg53332.8460.20 keV, t54.860.5 ps! in 20Ne
and the 6129-keV state (Eg56128.62960.040 keV,
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624 53S. RAMAN et al.
t526.660.7 ps! in 16O produced in the2H(19F, n! and
2H(19F, na) reactions, respectively.
The DSA analysis was performed by computer simulat

of the g-ray line shapes with the MC method@67–73#. The
measured dependence of the detector efficiency on the a
between the detector symmetry axis and the direction
g-ray detection was taken into account in the line-sha
simulations. Those calculational aspects that take into
count the detector dimensions were verified with the fu
shifted 6841-keVg-ray peak in the data corresponding to th
known short-lived (G,0.5 keV,Gg50.34 eV) Ex511 090
keV state of20Ne @9# produced in the2H(19F, n! reaction. A
simulated line shape was a sum of the shapes correspon
to the direct and delayed feedings of a state. The sum
weighted by the experimental fractions of the feedings. T
fractions of direct and delayed feedings were deduced fr
the measured intensities of theg-ray transitions in20F and
theg-ray branching ratios of the states.

The kinematic broadening—defined as the ratio of the
coil velocity of the nucleus under study in the center-of-ma
coordinate system to the velocity of the center of mass
determines the broadening of the fully Doppler-shift
g-ray peak. AtE(19F) 5 20 MeV, the broadening for differ-
ent excited levels varied from 5.3% for the 5283-keV state
13.8% for the 656-keV state, relative to the full amount
the shift. In the case of very short lifetimes (t,20 fs!, the
observed shape of ag-ray line depends also on~i! the angu-

FIG. 2. DeviationD of the 20F level energies measured in th
(d,p) reaction @15# from the current (n,g) values. Applying the
correction given by the solid line~cubic polynomial! in ~a! removes
the systematic differences as shown in~b!. The corrected values are
given in Table V.
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lar distribution of emitted protons and~ii ! the triple angular
correlation between the beam direction, the direction of
emitted proton, and the angle of theg-ray detection@74#.
These two effects can be simulated by an ‘‘effective’’ cente
of-mass angular distribution of proton emission, which w
determined from the line shapes measured with the Si ba
ing. In the case of longer lifetimes, the line shape is affec
more by the slowing down than by the angular distribution
kinematic broadening.

Because the angular distributions and correlations for
20F levels were not explicitly known, an iterative procedu
was used. An isotropic angular distribution used for t
simulations of Au-backing data yielded the first approxim
tion for the lifetime. This lifetime value was then used for th
simulation of the angular distribution in Si-backing data. T
angular distribution was adjusted until thex2 minimum was
reached in the fitting of theg-ray line shape. The obtained
angular distribution was then used for the simulation in A
backing data again. The iteration was continued until
convergence criteria were met; that is, until the changes
the effective angular distribution and in the mean lifetim
value were negligible within the statistical uncertainties.

The stopping power of the slowing-down medium~Au or
Si! for 20F ions was described in the line-shape analysis
cording to the following equation:

e

TABLE V. Energies of levels in20F obtained in the (d,p) reac-
tion by Rollefson, Jones, and Shea@15# compared to those in the
current~thermaln, g! reaction. See also Sec. II B and Fig. 2. In o
notation, 656.011[656.061.1, 4311.526[4311.562.6, etc. All
energies are in keV.
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TABLE VI. Branching ratios for levels in20F below MeV. See also Sec. II E. TheJp assignments are from
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TABLE VII. Lifetimes of levels in 20F obtained in the current and previous works.
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TABLE VII. ~Continued!.
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TABLE VIII. Experimental conditions and analysis procedures used in the Doppler-shift-attenuation~DSA! lifetime measurements of
20F levels. The measured values are based on theF(t) analysis if not stated otherwise.
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The values of the electronic stopping power (dE/dx)e of Au
and Si for 20F ions at velocitiesy5~0.65–2.06!y0 ~where
y0'c/137 is theBohr velocity, andc is the velocity of light!
were interpolated from experimental values reported in R
@62# for 19F. At velocitiesy,0.65y0 , the electronic stopping
power was assumed to be proportional toy, with the slope
based on the experimental value aty50.65y0 . The experi-
mental values reported in Ref.@63# for 19F in Au were used
at velocitiesy5~2.5–12.7!y0 , and the values at velocitie
~2.06–2.50!y0 were interpolated from the values reported
Refs. @62# and @63#. The electronic stopping power of Si a
ion velocitiesy.2.06y0 was obtained from Ref.@75# and
was scaled by a factor of 0.90 to match the experimen
values at velocities~0.0–2.06!y0 @62#. The uncertainty of the
electronic stopping power was estimated to be65%.

The nuclear stopping power (dE/dx)n was calculated by
the MC method, in which the scattering angles of the reco
ing ions were directly derived from the classical scatteri
integral @67# and the interatomic interaction was describ
ef.

s
in
t

tal

il-
ng
ed

by the universal Ziegler-Biersack-Littmark~ZBL! potential
@75#. In the cases studied here, the nuclear stopping pow
has only a small effect on the line shapes because rec
velocities are high and most of the states have short lif
times.

The effect of the finite target thickness on the initial ve
locity of the recoiling 20F nuclei was simulated in the DSA
analysis by choosing the reaction depth randomly accordi
to the 2H depth distribution and by taking into account the
energy loss of the19F beam at that depth. At a depth of
100 nm, typical values for the energy loss in Au wer
600 keV at 15 MeV and 570 keV at 28 MeV. The corre
sponding values in Si were 195 and 155 keV, respective
Depth distributions of2H in Si and Au were measured using
the elastic recoil detection analysis~ERDA! technique@76#.
Previous studies@67,68,77,78# on implanted targets indicate
that the implanted layer has no significant effect on the de
sity of materials probed byy/c'4% 20F recoils and, hence,
on the extracted lifetimes.

In deducing the lifetime values in20F, we started with the
highest-energy level that was populated significantly at
given bombarding energy and continued downward in exc
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FIG. 3. Selected portions of background-
correctedg-ray spectra observed in the2H(19F,
pg) 20F reaction on deuterium targets implanted
in ~a! silicon and~b!–~f! gold backings. See Sec.
II F for related discussion. The bombarding ener
gies are given in the figures. The simulated bes
fit lineshapes corresponding to the lifetimes give
in Table VII are shown by continuous lines. The
dotted lines in~b!–~f! correspond to a lifetime of
t50 fs, and represent the effects related to rea
tion kinematics. The laboratory background pea
arising from40K and background peaksB caused
by the (n,n8g) reaction on surrounding material
are marked in~a! and~c!. The fast neutrons arise
mainly from the2H(19F, n! reaction.
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tation energy. The branching ratios of the levels and the
duced lifetimes were entered as input data in the MC sim
lations of a line shape. Branching ratios and the probabil
of exciting a particular level were used to calculate the fee
ing fractions. Values used in this work are from~i! Table VI
for all states below 4.0 MeV,~ii ! current 2H(19F, pg) ex-
periment for the 4313- and 5226-keV states,~iii ! Table II for
those states above 4.0 MeV observed in the current~thermal
n,g) experiment, and~iv! Ref. @9# for all other states.

The level lifetimes measured in this work—several for th
first time—are given in Table VII. As shown in that table, th
current values are more accurate than previous ones. In
dition, the current lifetimes for the levels at 1971, 204
2194, 2966, 3488, 3526, and 3587 keV are much shorter t
those previously reported. When combined with the branc
ing ratios given in Table VI, the lifetimes measured in th
work yield absolute strengths for approximately 41E1,
38 M1, and twoE2 transitions in20F. The distributions of
these strengths are consistent with the systematics for
A55–20 region@79#.

III. Jp ASSIGNMENTS FOR LEVELS IN 20F

Because almost all the reactions that are likely to gi
useful information on theJp values of levels in20F have
already been studied—some several times—and becaus
the lessened activity in conventional nuclear spectrosco
e-
u-
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e
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expected in future years, significant new information on th
Jp assignments of20F levels will likely appear with greatly
reduced frequency. Thus, we think that a review of the cu
rently available information~see Table IX! is timely. In what
follows, no attention is given to chronological order. Whe
more than one experiment is available for a given reactio
we list only the one that we think gives the more definitiv
result. When a definite assignment is made, only that info
mation is usually given which is necessary to establish t
Jp value.

Although not always mentioned, the20F(d,p) angular
distributions and cross sections are probably the most imp
tant single input for theseJp assignments. For this reaction
we relied mainly on the work of Fortune and his collabora
tors @16,35–37#. Other relevant transfer reaction data ar
supplied by the 21Ne(d,3He) @48# and 21Ne(t,a) @49#
proton-pickup angular distributions. The former appears
discriminate better betweenl p values and thus is relied on
more heavily. The two-nucleon transfer reactio
18O(3He,p) @17,18# provides less useful information than the
one-nucleon transfers because of a lack of discrimination b
tweenL values, low cross sections~relative to the competing
multistep processes!, and poor predictive power for the
theory ~see, for example, Fig. 6 of Ref.@17#!. However,
g-ray linear-polarization measurements@24# following the
(3He,p) reaction are crucial for establishing definiteJp as-
signments~especiallyp52 assignments! for five of the
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TABLE IX. Energy levels (E) in 20F below 4.32 MeV and their spin and parity (Jp) assignments.
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TABLE IX. ~Continued!.
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632 53S. RAMAN et al.
eight states in20F below 1.9 MeV.
The formation of states by primaryg transitions in the

~thermal n,g) reaction proceeds through two reactio
mechanisms—direct and compound-nuclear capture. In b
mechanisms, the primary transitions are almost exclusiv
dipole in nature. Thus, in the19F~thermaln,g) reaction, with
channel spins of 01 and 11 in the entrance channel, w
expect formation of states withJ<2 by primary transitions
andJ<3 by secondary transitions. In addition, this reacti
is unusual in that;53% of all capture proceeds to two high
lying 22 states at 5936 and 6018 keV. The deexcitation
these states, in turn, should lead to significant populationJ
5 1–3 states. Therefore, if a particular low-lying state
populated strongly from all three states~the capturing
01111 state; the 5936-keV, 22 state; and the 6018-keV
22 state!, the spin of this low-lying state is most probab
J51 orJ52. The verification of this expectation is shown
Fig. 4~a!. Conversely, if a particular low-lying state is eith
unobserved or observed with a relatively weak population
the ~thermaln,g) reaction, its spin is most probablyJ>3 or

FIG. 4. Summed cross section for the population of low-lyi
states in20F ~identified by their energy in keV andJp value! from
the neutron-capturing state, the 5936-keV level, and the 6018-
level. See related discussion in Sec. III.
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~less likely! J50. We have made use of this conclusion in
assigning theJ value for a few levels below 4.0 MeV. Our
failure to observe any feeding to the knownJ.3 levels at
823 (41), 1824 (51), 2968 (42), and 3669 (41) keV is
consistent with this conclusion@see Fig. 4~b!#.

Another important determinant forJp assignments is
g-ray angular-correlation studies inA(b,cg) reactions. We
refer to the studies by Quin and Chagnon@20–23,39# and by
Pronko @25,27# and their collaborators. The angular-
correlation studies make use of limits set onJp values and
on quadrupole-dipole mixing ratios (d2) from consideration
of limits on branching ratios and lifetimes. It is sometimes
worthwhile to reconsider the angular-correlation results—a
performed before 1974—in light of the more accurate
branching ratios~see Table VI! and lifetimes~see Table VII!
that are now available. In doing so, we form the partial life-
times tp for various branches@by combining the level life-
time andg branching ratios~and their uncertainties!# and
then apply the recommended upper limits~RUL’s! in Weis-
skopf units~W.u.! given by Endt@79#. ForA520, we have

B~E2!~W.u.!5
2.5323105d2

~Eg!5@tp~0.1%C.L.#~11d2!
,100

~2a!

and

B~M2!~W.u.!5
6.0743106d2

~Eg!5@tp~0.1%C.L.#~11d2!
,5 ~2b!

with Eg in keV and tp in s. In Eqs. ~2a! and ~2b!,
tp(0.1%C.L.) is the 0.1% confidence limit on the maximum
partial lifetime formed by adding 3.3 times the standard de
viation totp . An example of the application of Eqs.~2a! and
~2b! is given in the Appendix. In no case where the lifetime
is known is a multipole higher than quadrupole of any sig
nificance, and we assume this is true for all states. We als
assume that an appreciable part of theg branching from a
particular level proceeds by the lowest possible multipol
order.

Fortune et al. @10,12–14# have studied the compound-
nuclear reactions 14N(7Li, p), 16O(7Li, 3 He), and
13C(11B,a) and have shown that the total cross sections fo
isolated levels in20F are—with some exceptions—closely
proportional to (2J11). They exploit these reactions to
make J estimates and to locate possible doublets that a
unresolved in their experiment. For brevity, we will call this
the compound-nuclear proportionality rule~CNPR!. The
(J values for seven doublets~below 4.32 MeV! are given in
Table IX and are used in making theJp assignments for the
individual members.

For most levels in20F, the Jp assignments have been
made, both in Ref.@9# and in the current work, by combining
the results from different experiments. Above 4.32 MeV, this
procedure begins to break down because it becomes difficu
to establish a one-to-one correspondence between the lev
reported in different experiments. However, there are tw
levels at 5936 and 6018 keV for both of which a definite
Jp522 assignment can be made provided that we use th

ng

keV
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FIG. 5. Comparison between
the WBN predictions ofT51
states below an excitation energ
of 4.0 MeV and the experimenta
level schemes of20F, 20Ne, and
20Na. The levels are labeled b
Jp on the left. The level energies
shown on the right are in keV
The experimental level energie
and Jp assigments for 20F,
20Ne, and 20Na are from Table
IX, Ref. @9#, and Ref.@98#, re-
spectively. States are connecte
by solid lines if the correspon-
dence between them seems ce
tain and by dashed lines if specu
lative.
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well-established correlation@2–8# between levels excited in
the (d,p) and ~thermaln,g) reactions to establish such co
respondences.

The (5936.0960.05)-keV level is fed by the 665.21-keV
primary transition with a cross section of 1.4960.08 mb~see
Tables IV and II!, and the (6017.7760.03)-keV level by the
583.55-keV transition with a cross section of 3.6060.15 mb.
These two transitions together account for (5362)% of the
total capture cross section of 9.5160.09 mb. It is also known
from the (d,p) reaction that there are two strongly populat
states whose energies are given as 593265 and 601365
keV by Rollefson and Aymar@34#, and as 594165 and
602667 keV by Mosley and Fortune@37#. These two levels
observed in (d,p) are most probably the same as the 593
and 6018-keV levels observed in the~thermaln,g) reaction.
The 6018-keV level has anl5113 angular distribution in
(d,p) @37#, identifying it as a definiteJp522 state. The
5936-keV level has anl511(3) angular distribution, but
because thel53 component is uncertain, it is safer to ide
tify it as a Jp512 or 22 state. However, aJp512 assign-
ment can be ruled out because this level decays strongl
the 656-keV, 31 state~see the intensity for the 5279.27-ke
transition in Table II!. The 6018-keV level also decay
strongly by means of the 5360.93-keV transition to the 65
keV, 31 state.
-

d
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-

to
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Note that we propose a new level at 5939.1060.10 keV
very close to the level at 5936.0960.05 keV~see Table IV!.
These two levels would be unresolved in the (d,p) measure-
ments of Ref.@37#; however, the population of the 5939.10
keV level by the 662.24-keV primary transition is only
;7% of the population of the 5936.09-keV level by th
665.21-keV primary transition. Again using the correlatio
argument between the~thermaln,g) and (d,p) reactions, it
is reasonable to conclude that any contamination in the
gular distribution of the 5936-keV level caused by the 593
keV level would be small, leaving theJp522 assignment
for the 5936-keV level intact.

IV. SHELL-MODEL CALCULATIONS

A. Levels in 20F

Shell-model calculations for20F were performed with the
recently constructed interactions of Warburton, Towner, a
Brown @80,81# for the first four oscillator shells obtained
from least-squares fits to two-body matrix elements~the
WBT interaction! and to a potential~the WBP and WBN
interactions!. The 0p and the cross-shell 0p-1s 0d parts of
these interactions are based on a least-squares fit of sin
particle energies~SPE! and two-body matrix elements
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TABLE X. Comparison of predicted and experimental observables for the ground state, the
two excited states, and the 1309-keV state in20F. In our notation, 2.0942[2.09460.002,
0.0432[0.04360.002, etc.
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~TBME’s! and/or a potential representation of them to 2
levels in theA510–22 region assuming no mixing ofn\v
and (n12)\v configurations. The 1s 0d TBME and SPE
were taken to be those of Wildenthal’sW interaction@82#.
The 0p 1s 0d model space was expanded to include the
fluence of the 0s and 0f 1p shells by adding appropriate
TBME’s from other sources and by adjusting the SPE
reproduce selected experimental data@80#. The WBT, WBP,
and WBN interactions are currently the most accurate av
able for describing level properties in theA510–22 region.

The shell-model calculations were performed with t
shell-model codeOXBASH @83#. With this code, spurious
center-of-mass motion is removed by the usual method@84#
of adding a center-of-mass~c.m.! HamiltonianHc.m. to the
interaction. Both even (0\v) and odd (1\v) parity spectra
were calculated. The WBN spectrum is compared with e
periment in Fig. 5. The even-parity spectrum of the WBN
WBT interaction is generated from the (0p)12(1s 0d)4

model space and is similar to that obtained with Wildentha
W interaction@82#. A comparison of the WBT spectrum with
experiment was made in Fig. 3 of Ref.@80#. The odd-parity
spectrum is generated from the 0p21(1s 0d)4

1(1s 0d)3(0 f 1p)1 configurations with the former domi
nant.

There is little uncertainty in the correspondence betwe
experimental and theoretical levels up to 2.5 MeV in20F.
This is so because the experimentalJp assignments are quite
certain and the uncertainty in the theoretical energies is
large. It is pleasing that the gap between 2.2 and 2.8 M
where no level is found experimentally is also reproduc
6
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~though less clearly! by the theoretical spectrum. Above 3.
MeV there is more uncertainty in the correspondence
tween experimental and theoretical levels because~i! the
Jp assignments of the experimental levels are ambiguous
there is the possibility of missing levels,~ii ! the uncertainty
in the theoretical energies increases significantly as the e
tation energy increases, and~iii ! ‘‘intruder’’ states, specifi-
cally 2\v excitations of the (0s)4(0p)12(1s 0d)4 type, are
expected to appear in the 3–4-MeV region of excitation~see
Sec. IV B!. Apart from an unsuccessful attempt to identi
definite experimental analogs to the calculated yrast state
4.365(51

2), 4.458(71
1), and 4.524(61

1) MeV, no serious at-
tempts were made, for the above reasons, to establish a
to-one correspondence between experimental levels ab
4.0 MeV and those from the shell model.

To aid in the identification of the 0\v and 1\v states of
20F, an extensive calculation was made of the dipole a
quadrupole transitions connecting the model states of Fig
The M1 andE2 observables are expected to be predic
with considerable reliability@85#. The physics ofE1 transi-
tions is entirely different, and it is found that theE1 predic-
tions are nearly worthless.

The general reason for the difficulty withE1 rates is the
usual one. TheE1 strength lies in the giant-dipole resonan
~GDR!, and the resulting reduction of strength in the tran
tions between the low-lying states is brought about by
mechanism of destructive interference between the allowa
single-particle contributions. The nature of this destruct
interference is of some interest. The 0p↔(1s,0d) transitions
are intrinsically dominant. Yet, for the low-lying states, the
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TABLE XI. PredictedM11E2 and pureE2 branchings~with the WBN interaction! for excited states in20F with Ex,3.53 MeV
compared with experimental values. The listedJp values are our assumed correspondence with the shell-model predictions for~011!\v
states~see Fig. 5!. In our notation, 506[5066, 8.17[8.160.7, etc. The entry ‘‘any other transition’’ refers only toM11E2 andE2
branches.
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is an almost complete cancellation between the var
0p↔(1s,0d) contributions. What is left then cance
strongly with the (1s,0d)↔(0 f ,1p) contributions, which are
relatively large in spite of the smallness of the (0f ,1p) terms
in the wave functions because theE1 matrix elements are
large compared to the 0p↔(1s,0d) matrix elements. The
(1s,0d)↔(0 f ,1p) contribution is not too well determine
because the (0f ,1p) part of our interaction was not fixed b
a least-squares fit—as was the 0p 1s 0d part—and becaus
the (0f ,1p) orbitals are unbound in theA;20 region.

A further uncertainty in the calculatedE1 rates arises
from the large effect that 2\v excitations of the even-parit
states can have because they connect in first order to
1 \v configuration. A (012)\v calculation of 20F is be-
yond our current capabilities. Therefore, the possible role
2 \v excitations inE1 transitions in this region was teste
by a 1\v→(012)\v calculation in18O. It was found that
after the cancellations described above, the 1\v→2 \v
contribution was comparable to the 1\v→0 \v contribu-
tion. A similar result should hold for20F. The difficulty with
E1-like transitions was encountered previously@86# in calcu-
us
s

the

of
d

lations of the analogous first-forbiddenb decays ofA518–
20 nuclei and in the calculation ofE1 transition rates in
17N @87#. However, in theb-decay study, only rank-0 matrix
elements were considered, and the rank-1E1 matrix element
has considerably greater problems because of the increa
freedom in the allowable single-particle transitions; for e
ample, the energetically favored 0d5/2↔0 f 7/2 transition is
allowed for rank 1 but not for rank 0.

The predictedM2 rates were all insignificant. Thus, we
concentrate onM1 andE2 rates only. For the ground state
the first and second excited states, and the 1309-keV st
we make in Table X a detailed comparison between theor
and experiment. The agreement is reasonable except poss
for the quadrupole moment of the ground state. For the
maining levels, we will concentrate on relativeg-branching
ratios. In Table XI, the predictedM1 andE2 branching ratios
for the states up to 3.53-MeV excitation are compared
experiment. We assume theJp values corresponding to the
association with model states made in Fig. 5. Although it
possible that the 3172-keV level is a 11 2 \v state~see Sec.
IV B !, we assume here—for the sake of comparison—tha
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is the 02 1 \v state for which the experimental counterpa
has been hitherto missing~see Fig. 5!. With E1 transitions
omitted from consideration, our method of comparison is
give relativeM1 andE2 branchings for both experiment an
theory. If desired, the experimental branching ratios for
decay modes~E1 included! can be calculated from the value
of Table VI. Level lifetimes are estimated by multiplying th
predicted partialM1 ~E2! lifetime by the experimental
M1 ~E2! partial branching fraction. The predicted and expe
mental lifetimes are compared in Table XII.

The comparison of branching ratios given in Table
shows good overall agreement. The discrepancies are all
nor except that the 2966→823 keV transition is 2.4 times
stronger than is predicted. The lifetimes are also in reas
able agreement~see Table XII!. A serious discrepancy ex
isted previously concerning the lifetime of the 1971-ke
level. The reported values (t>1.1 in Ref. @25# and
t51.460.4 ps in Ref.@53#! were consistent but were muc
longer than the calculated value of 0.18 ps. The current va
of 0.6160.09 ps decreases the discrepancy considerably

There are five known energy levels between 3.55 and 3
MeV. These are close enough in excitation energy such th
comparison of experiment to the predicted branching ra
of a generic 3670-keV level can represent all five possi
decays. The experimental branching ratios of the 3669-
3761-keV levels are not known, although the 3761-keV le
probably has a sizable branch to the 656-keV level@25#.

TABLE XII. Comparison of predicted and experimental mea
lifetimes t of excited states in20F. The listedJp values are our
assumed correspondence with the shell-model predictions fo~0
11!\v states~see Fig. 5!. The experimentalt values are from the
last column of Table VII. In our notation, 0.443[0.4460.03,
79 6[7966, etc.
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From Fig. 5 it can be inferred that the theoretical 23
2 ,

23
1 , 34

1 , and 42
1 states are candidates for experimental leve

in this energy range. In Table XIII, we show the predicte
branching ratios for these four model states assumed to lie
3670 keV. From a comparison of Tables VI and XIII, w
make the following observations:~i! There is no good match
of any of the predicted decays of Table XIII with the relevan
decay modes of Table VI.~ii ! A 21 assignment is suggested
for the 3587-keV level because that choice most easily f
fills the need for the predicted 23

1 state. However, the com-
parison shows rather poor agreement for this choice
especially for the 3587→2044-keV branch—so we conside
the identification as tentative.~iii ! The 3590-, 3669-, and
3761-keV levels are possible candidates for the 34

1 state. The
appreciable decays to the 11

1 state effectively remove the
3587- and 3680-keV levels from consideration.~iv! The pre-
dictedM1 andE2 decay modes of the 23

2 model state do not
fit at all well with the decays of the 3587- and 3680-ke
levels to odd-parity states.~v! The signature of the 42

1 decay
is a strong branch to the 51

1 state. None of the levels listed in
Table VI has this feature. This leaves the 3669- and 376
keV levels~with unknown or incompletely known branching
information! as candidates for the 42

1 state.
An experimental counterpart to the 3436-keV, 12

2 model
state~see Fig. 5! has long been missing. Such a state shou
be populated appreciably in the current~thermaln,g) mea-
surement@see Fig. 4~a!#. Possible candidates are the levels
3965 and 4082 keV~see Table IX!, but at this time both
levels have been preemptively assigned as positive-pa
states by Medoffet al. @18# and by Fortune and Betts@36#,
respectively, and theJp5(11) assignments for both levels

n TABLE XIII. PredictedM11E2 and pureE2 branching ratios
for a generic 3670-keV level with four different assumedJp values
for this level. The listedJp values for the final states in20F are our
assumed correspondence with the shell-model predictions for~0
11!\v states~see Fig. 5!.
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53 637SPECTROSCOPY OF20F LEVELS
have become embedded in the literature. We consider
p51 assignment for the 3965-keV level as particularly s
pect because this level is excited only weakly in
18O(3He,p) reaction and the comparison between the m
sured and empirical (3He,p) angular distributions that ha
been used to assignL5012 is tentative at best.

We note that the comparison of branching ratios in Tab
XIII and VI are of limited value at this time. DefiniteJp

assignments for levels above 2.8 MeV are needed before
correspondence between calculated and experimental l
can be firmly established and the ability of shell-model c
culations to correctly reproduce the branching ratios can
fully tested.

Other experimental observables that can be compare
theory are the (d,p) stripping strength (2J11)Sn , and the
pickup strengthC2Sp , whereC

2 is a Clebsch-Gordan facto
equal to2

3 for the
21Ne(d,3He) and 21Ne(t,a) pickup reac-

tions that have been performed@48,49#. For the (d,p) strip-
ping reaction, results for theW interaction~equivalent to the
WBN reaction! are compared with experiment in Ref.@46#;
the agreement is fair. Comparison of the WBN predictions
the results of the proton-pickup experiments is made in Ta
XIV. This comparison also shows fair agreement. The
large discrepancy concerns the 21

2 and 22
2 states for which

experiment indicates considerably more sharing of
pickup strength than is predicted.

B. Level at 3172 keV

Below 4 MeV, a major difference between the curre
work and Ref.@9# concerns theJp assignment for the 3172
keV level. Medoffet al. @18# have proposed 11 assignments
for the~weakly populated! 3172- and 3965-keV levels on th
basis ofL5012 angular distributions in the18O(3He,p)
reaction, and these assignments have been adopted in

TABLE XIV. Predicted and experimental spectroscop
strengthsC2Sp for proton pickup from

21Ne leading to the states i
20F below 3.0 MeV. The listedJp values for the final states in20F
are our assumed correspondence with the shell-model predic
for ~011!\v states~see Fig. 5!.
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Ref.

@9#. In Ref.@18#, the 11 assignment for the 3172-keV level is
tentative because theL50 component is small. Although not
explicitly stated in Ref.@18#, it is apparent from their figure
that a mixture ofL52 and L50 can easily mimic what
actually might be anL51 angular distribution.

The next 11 model state above that shown in Fig. 5 is
predicted at 4748 keV. This energy is too high to permi
associating this model state with the 3172- or 3965-keV
level. Thus, if both of these levels haveJp511, we believe
they would be 2\v states. We note that theg-decay modes
of the two levels are as one would expect for 2\v states
because neither level is known to decay strongly to 0\v
states.

As pointed out by Fortuneet al. @36#, the initial appear-
ance of 2\v intruder states at; 3 MeV in 20F, with a 11

state followed by a 11, 21, 31 triplet ; 1 MeV higher, is
predicted by a weak-coupling estimate. In an attempt t
make this estimate more quantitative, a (01214)\v calcu-
lation was performed in a 0p1/2 0d5/2 1s1/2 model space with
the Reehal-Wildenthal interaction@88#. The lowest predomi-
nantly 2\v state was found to be a 13

1 state at 3.57 MeV.
The calculation gives a fairly good account of the states~all
predominantly 0\v) below this energy. The low-lying,
predominantly 2\v spectrum @Jp,Ex ~in MeV!# is
@13

1 , 3.57#, @24
1 , 3.62#, @34

1 , 3.86#, @35
1 , 3.94#, @43

1 , 4.24#,
and@14

1 , 4.38#. Because the predicted 13
1 energy is midway

between that of the two candidates for the yrast 2\v state—
namely, the levels at 3172 and 3965 keV—the calculatio
offers no choice between the two. If the 3172-keV level is
the lowest 11 intruder, we should expect a host of 2\v
states near or below 4 MeV. Thus, a definiteJp assignment
for the 3172-keV level should be a high-priority goal.

The 11 assignment proposed for the 3172-keV level@18#
has been recently questioned by Descouvement and Ba
@89#. Using a microscopic cluster model, these authors ca
culate twoJ51 states in the; 3 MeV excitation energy
region—a 12

1 state at 2.55 MeV and a 12
2 state at 3.38 MeV.

~These two states correspond to the 12
1 state at 3.348 MeV

and the 12
2 state at 3.436 MeV calculated in this work.! Both

in Ref. @89# and in the current work, the former state is
identified with the definitely known 11 state at 3.488 MeV.
Through a process of elimination, Descouvement and Bay
@89# propose that the 3172-keV level might correspond to th
12

2 model state at 3.5 MeV.
We have difficulty reconciling the proposed 11 or 12

assignment for the 3172-keV level@18,89# with the ~thermal
n,g) data. The 3172-keV level is populated very weakly in
the ~thermal n,g) reaction @ I 793g(in)5762mb and
I 2188g(out)51362mb]. In particular, we did not observe
transitions~with I g.3mb) to this state from the capturing
01111 state; the 5936-keV, 22 state; or the 6018-keV, 22

state. It is possible that the special structure of the 3172-ke
level ~if it is, for example, a six-particle–two-hole 11 state
as proposed in Ref.@18#! causes a specific transition to be
very weak, but this explanation is unlikely to hold for all
three transitions. Therefore, we prefer either aJ>3 or a
J50 assignment for the 3172-keV level@see Fig. 4~b!#. The
former can be excluded because the only knowng-decay
mode of this level is to the 984-keV, 12 state. If theJ50
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assignment is correct, the parity cannot be positive beca
the angular distribution in (3He,p) @18# is eitherL521(0)
or L51, but it is definitely not a pureL50 as required by a
01 state. Therefore, we favor aJp502 assignment for the
3172-keV level. The negative-parity assignment is consis
with the absence of b2 feeding to this level
(I b,0.012%, logf t.5.0) in theb2 decay of20O @46#. In
Fig. 5, we have associated this level with the 01

2 shell-model
state at 2567 keV.

Below 4 MeV, there is a one-to-one correspondence, w
one notable exception, between the levels calculated u
the cluster-model@89# and the shell model~this work!. The
exception is the 01

2 state which is calculated in the former t
lie at the much higher energy of 5.33 MeV compared
2.567 MeV in this work. This overestimation is probably
result of choosing a cluster description of16O13H1n for
describing the negative-parity states in20F instead of the
more preferable, but computationally difficult,15N1a1n
description. The overall agreement between the calcula
and experimental level spectra~for both parities! is better
with the shell model than with the cluster model. With bo
models, the agreement is much better, as expected, for
positive-parity states than for the negative-parity ones.

C. T51 levels in 20F, 20Ne, and 20Na

The expected mirror symmetry of theT51 states in20F,
20Ne, and20Na is shown in Fig. 5. This test is incomplete
this time because the level schemes of20Ne (T51) and
20Na are not as well studied as that of20F. Nevertheless, it
appears reasonably certain, just from this comparison,
the single levels in20Na at 984 and 1837 keV will eventually
turn out to be 11112 and 22151 doublets, respectively
Similarly, the 2194-keV, 31 state in 20F can be paired with
the 2057-keV, 31 state in20Na, but the mirror partner of the
2044-keV, 21 state in 20F is currently unknown in20Na.

The type of comparison shown in Fig. 5 is also importa
in nucleosynthesis, and this link has been discussed ex
sively in the literature~see, for example, Refs.@89–98# and
references cited therein!. The 19Ne(p,g)20Na reaction is a
leakage point from the hot CNO cycle, leading to a seque
of rapid proton (rp) capture andb decay that builds up
elements extending to the iron-nickel region and beyo

FIG. 6. Portion of theg-ray spectrum from the19F(n,g) 20F
reaction with thermal neutrons showing resolution of the double
4626.5 and 4630.6 keV. The 4630.6-keVg ray might represent a
primaryM2 transition. See Sec. V A for related discussion.
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The properties of20Na levels near the proton separation e
ergy of 2199 keV, especially that of the firstknownunbound
level at 2645 keV, governs the rate of this reaction. Beca
properties~spin, parity, and total width separated into proto
and g widths! of the 2645-keV level are uncertain, th
method wanted has been to seek its mirror partner~in 20F!
and exploit the known properties of that partner.

The 2645-keV level is excited fairly strongly in th
20Ne(3He,t)20Na reaction @47,91–93#, and both Kubono
et al. @91# and Lamm et al. @92# have proposed a
Jp511 assignment for this level on the basis of a compa
son between the measured angular distribution and distor
wave Born approximation~DWBA! calculations. They chose
the 3172-keV level in 20F, which had an erstwhile
Jp5(11) assignment~see Sec. IV B!, as the mirror partner.
However, the 2645-keV level is not fed in theb1 decay of
20Mg (I b,0.1%, log f t.6.2 in the latest study@98#!, thus
suggesting either an incorrectJp assignment or a compli-
cated structure. The pairing of the 2645-keV level in20Na
with the 3172-keV level in 20F has been recently
questioned—implicitly by Clarkeet al. @47# and explicitly by
Brown et al. @95#—by noting that in contrast to the stron
excitation of the former level in the20Ne(3He,t)20Na reac-
tion, the excitation of the latter level is very weak in th
analogous20Ne(t,3He)20F reaction. These authors favor in
stead aJp531 assignment for the 2645-keV level in20Na
on the basis of~i! similarity between the measured angul
distribution for the triton group to this level with that for th
3He group to the 2966-keV, 31 level in 20F @47# and ~ii !
identification of the 2645-keV level and the 2966-keV lev
as mirror partners by a process of elimination and consid
ation of expected Coulomb shifts@95#.

The estimated resonance strength is only 6 meV@92# if
the 2645-keV level hasJp511. It is an order of magnitude
larger @95# if Jp531. An attempt was made recently t
study the19Ne(p,g) reaction using a radioactive19Ne beam
and a polyethylene target@97#. An upper limit of 18 meV
~90% confidence level! was deduced for the resonanc
strength, thereby favoring theJp511 choice ~between
Jp511 andJp531) for the 2645-keV level.

Below 4.0 MeV, there are at least 22 excited states
20F ~see Fig. 5!. The lifetimes of 16 of these states are no
known ~see Table VII!. This information should be of assis
tance in the spectroscopy of20Na because not only the leve
energies but also the transition rates should be similar
corresponding levels in these two nuclei.

V. SPECIFIC „n,g… FEATURES

A. Possible primaryM2 transition in 20F

In the (n,g) reaction, the observedg rays originating
from the capturing state~primary transitions! are predomi-
nantly E1 or M1. Of these two, primaryE1 transitions are
generally (; 5–10 times! stronger than primaryM1 transi-
tions, but in the case of20F, because of the fullness of the 0p
shell, primaryM1 transitions~above 3.0 MeV! are, on the
average, 2.5 times stronger than primaryE1 transitions. The
strongest primary transition from the 25-keV, 22 neutron
resonance@32,33# also appears to beM1 because it proceed
to the 1971-keV level, which has a tentativeJp532 assign-
ment ~see Table IX!.
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Primary E2 transitions are extremely rare in the (n,g)
reaction@99–101#. In this work, primaryE2 transitions to the
known 31 levels at 656, 2194, and 2966 keV were not ob
served (I g,5mb).

The only previously reported observation@102# of a pri-
mary M2 transition is in the44Ca(n,g) reaction, but this
result is erroneous@103#. As shown in Fig. 6, an extremely
weak ~;6 photons per 104 captures! 4630.6-keVg ray was
detected in the current19F(n,g) work. The energy of this
g ray and the ultrapure nature of the19F target used in the
experiment virtually guarantee that thisg ray does not origi-
nate from an impurity@104#. The most logical placement for
this g ray is between the capturing state (Jp501111) and
the 1971-keV, (32) level. If this placement and the 32 as-
signment for the 1971-keV level are confirmed by futur
works, the 4630.6-keVg ray would represent the first obser
vation of a primaryM2 transition in the (n,g) reaction.~The
4630.6-keVg ray can also be, in principle, anM2 1 E3
transition, but anyE3 component is expected to be negli
gible.!

B. Decays of the 5936- and 6018-keV levels

Several odd-parity bound levels in20F have bothE1 pri-
mary transitions from thes-wave neutron-capturing state and
p-wave spectroscopic factors determined from (d,p) mea-
surements@36,37#. Most of these spectroscopic factors ar
small, as would be expected on the basis of constraints of
shell model, the 0p shell having been filled at16O and the 1p
shell lying at a much higher excitation energy. Surprisingl
-

e
-

-

e
the

y,

however, two high-lying 22 states at 5936 and 6018 keV,
bound by only 665 and 584 keV, respectively, have substa
tial spectroscopic factors that add up to; 28% of the total
1p strength. The primary transitions to these two levels ar
also very strong, and together account for; 53% of all
captures. From each of these two states, we have observed
g rays to the lower-lying states. To the best of our knowl
edge, the number of branches reported here~see Table XV! is
the largest from any bound nuclear state.

Most of the secondary transitions from the 5936- and
6018-keV states areE1, and therefore, as we explained in
Sec. IV A, are not well predicted by the shell-model calcu
lations. The large number ofg rays from these states does
allow us to use a statistical approach to judge if the similarit
in their wave functions~as suggested by their large 1p com-
ponents! leads to similar decay patterns. We therefore calcu
late the correlation coefficients for the transition strength
from the 5936- and 6018-keV states~denoted by subscripts 1
and 2 below! to the lower-lying states~denoted byf , running
from the ground state 0 through a selected higher staten!.
This coefficient is defined as

rn5

(
f50

n

~T1 f2^T1&!~T2 f2^T2&!

A(
f50

n

~T1 f2^T1&!2(
f50

n

~T2 f2^T2&!2

, ~3!

whereTi f is a quantity related to the transition strength be
TABLE XV. Decay patterns of the 5936-keV, 22 and the 6018-keV, 22 states to final statesEl in
20F, and the linear correation

coefficientsr of paired reduced intensities@see Eq.~3!#. The correlation coefficients obtained when theM1 transitions to the levels at 984,
1309, 1844, 1971, and 2865 keV are enhanced by a factor of 5 are denoted byr* .
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tween statesi and f, and^Ti& is the mean of these quantitie
for final states 0 ton. If we were to take the transition
strength itself as the quantityT, we would expect to find a
positive value ofrn as n moves to the higher-lying final
states, even if the transitions are not actually correlated,
cause theEg

3 factor associated with dipole transitions caus
the transitions from both the 5936- and 6018-keV states t
particular high-lying state to appear as weak, having the
fect of a correlation according to Eq.~3!. We therefore define
Ti f as the reduced transition strength—that is, the intens
of the gamma ray divided byEg

3 .
With this definition ofT, the values ofrn for the transi-

tions from the 5936- and 6018-keV states are given in Ta
XV in the penultimate column. The pattern shows a mark
break atr11, thus indicating a swing toward positive corre
lation when the transitions to the higher-lying states are
cluded. To test the significance of this swing, we have sim
lated sets of transitions in an uncorrelated model—t
reduced transition strengths being drawn from a Port
Thomas distribution, using sequences of pseudo rand
numbers. Histograms based on 104 trials are shown in Fig. 7
for r3 , r11, andr16. According to this figure, the chance o
r11 being 0.70 or greater is only about 3% if all transitions
the states up to 3488 keV are uncorrelated. Similarly, t
chance ofr16 being 0.47 or greater is about 5%. The positiv
correlation might therefore be significant.

However, most of the high positive correlations from
r11 upward appear to result from the pair of high intensitie
to the 3488-keV final state, coupled with generally wea
intensities to the lower-lying states. The generally low ave
ages resulting from the latter might be attributed to the co
siderable number ofM1 transitions in this group. If we now
try to make some allowance for the expected weakness
M1 transitions compared withE1 transitions, we obtain a
quite different pattern of correlation coefficients from th
experimental data. For example, if we enhance theM1 tran-
sitions by a factor of 5~an approximate factor generally
found in studies of primary transitions from neutron res
nances!, we obtain the final column~labelledr* ) of Table
XV. The values listed there indicate no evidence at all for
correlation in theg-ray branching from the 5936- and 6018
keV states. This result suggests that despite their closenes
energy, these two 22 states do not show significant mixing

C. Completeness

A large number of measurements~see Table I! has con-
tributed information on approximately 88 bound levels
20F below the neutron separation energy of 6.601 MeV. T
current shell-model calculation predicts correctly the tot
observed level density up to 4.6 MeV~see Fig. 8!. The un-
derprediction above this energy is probably caused by sta
arising from core excitations that are omitted in this an
previous shell-model calculations@105#.

The sensitivity of the current19F~thermaln,g) measure-
ments is such that a majority of levels withJ<3 should be
observable in this work. However, because of theEg

3 factor
associated with dipole transitions, we do not expect to s
many levels above 6.1 MeV. The level scheme presented
Table IV consists of 35 levels below this energy. The she
model calculations yield the following distribution of states
be-
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1 (01), 2 (02), 5 (11), 5 (12), 6 (21), 7 (22), 5 (31),
and 6 (32) for a total number of 37 states withJ<3 below
6.1 MeV. This comparison suggests that the (n,g) level
scheme is reasonably complete.

VI. COMPARISON OF CAPTURE DATA
WITH CALCULATIONS

A. Other relevant data

The total thermal-neutron-capture cross section of19F is
small, already indicating a weakness of admixture in the in
tial ~target1 s-wave neutron! wave function from nearby
resonances@positive~real! or bound~virtual!#. The total scat-
tering cross section,snn,tot53.6460.01 b,@59# on the other
hand, is rather high for a light nucleus. The incoherent sca
tering cross section is very small,snn, incoh50.4060.02 b,
@59# implying that the potential scattering lengths of the tw
spin states formed in the slow-neutron reaction with19F ~tar-

FIG. 7. Correlation coefficients@see Eq.~3!# simulated by the
Monte Carlo method with 104 trials from assumed Porter-Thomas
distribution of transition strengths to various numbers of final state
The relative probability scale is the probability of the correlatio
coefficient falling into the appropriate bin, divided by half the bin
width. In this figure, the bin width is 0.01.~a! Four final states
(n53), ~b! 12 final states (n511), and ~c! 17 final states
(n516).
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53 641SPECTROSCOPY OF20F LEVELS
get spinJ5 1/2) arenearly equal. In fact, the scatterin
lengths deduced from measurements areaJ5055.4860.02
fm andaJ5155.3560.02 fm. These values are to be co
pared with the potential radius,R53.70 fm, expected from
the optical model, and with the potential scattering len
apot'4.6 fm using the optical-model parametrization
Moldauer @106#. The summed ratios of reduced neutr
width to energy of the local levels,R loc , account for the
difference between the observed scattering lengths and
potential scattering length through the relation

aJ5apot2RRJ, loc . ~4!

The significantly higher values of the measured scatte
lengths indicate some influence from local bound levels
spite the evidence otherwise from the capture cross sec
The two indications can be reconciled by assuming that s
local levels are rather strongly bound. This hypothesis is s
ported by the resonance data. The lowests-wave resonance i
found @59# at the neutron energy of 269 keV, and no oth
confirmeds-wave resonances appear to have been loca
Hence, the level spacing is large—on the order of, or gre
than, a few hundred keV.

For the theoretical analysis of capture data we requ
besides the free nuclear scattering lengths~discussed in the
preceding paragraph!, the final-state (d,p) spectroscopic
strengths which were obtained from Refs.@36,37#.

B. Capture cross sections of19F

In a series of papers@2–4#, we have developed reliabl
methods for calculating slow-neutron-capture cross sect
resulting from the direct-capture mechanism. In the fi
method, a specialized optical model [S] is found for the
nucleus under consideration, and its parameters are us
calculate the direct-capture cross section numerically. In
second method that we developed in Ref.@4#, the potential-

FIG. 8. Running sum of experimental levels and shell-mo
states in20F below the neutron separation energy of 6.601 M
The latter were calculated with the interaction and model sp
described in Sec. IV A.
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capture cross sectionspot,g and the strength function for va-
lence radiative transitions,sl,val , from local levels are com-
puted from the global optical model, together with th
potential scattering lengthapot and the neutron strength func-
tion Ḡn

0/D. The difference between the observed and the p
tential scattering lengths gives a measure of the contributi
of local levels to the initial-state wave function@see Eq.~4!#,
and, hence, in conjunction withsl,val , to the radiative tran-
sition amplitude. We denoted this method by [G1V] in pre-
vious papers. The results from this method have always be
found to agree closely with those of the [S] method~when
physically reasonable optical-model parameters can be fou
in the latter approach!, and we now use the [G1V] method
almost exclusively.

The parameters of the global optical model used in o
calculations are essentially those of Moldauer@106#. For the
real potential, we use a Woods-Saxon form with a dep
parameterV 052 46 MeV, surface diffuseness paramete
d50.62 fm, and potential radiusR5(1.16A1/310.6) fm. The
imaginary component of the potential has Gaussian for
centered around the potential radius, with peak magnitu
Z05215 MeV and width parameterb50.7 fm.

In Table XVI, we give the calculated direct-capture cros
sections for primaryE1 transitions using the [G1V] method
together with data on the measured cross sections, the fin
state spins~where known!, and the spectroscopic strengths
In the final column, we list the rough estimates of cros
sections resulting from the compound-nuclear mechanis
based on the assumption that this mechanism accounts
the discrepancies between the observed cross sections
the calculated direct-capture values. If the experimental u
certainty in the measured cross sectionsng is ignored and if
we assume that just one of the two initial spin states contri
utes the major part of the direct-capture cross section, ra
dom addition of the amplitudes of direct capture an
compound-nuclear capture gives the approximate relation

sg~CN!'@sng
1/27sg~dir!

1/2 #2. ~5!

In most of our previous studies of thermal-neutron captu
by light nuclei@1–8#, we found that direct capture dominates
the cross sections, allowing the extraction of the compoun
nuclear component@using Eq.~5!# as if it were a small per-
turbation; that is, we took the smaller of the two possibl
values ofsg(CN) in assessing its overall contribution. In this
study, the direct-capture cross section is found to be ve
small because of the filled status of the 0p shell and the
high-lying nature of the 1p single-particle strength. Hence,
even a small compound-nuclear component may be simi
in magnitude to the direct component. We thus have to co
sider both values ofsg(CN) given by Eq.~5!.

To discuss the hypothesized compound-nuclear cross s
tions, we first divide out the normalE1 g-ray energy depen-
denceEg

3 to give ‘‘reduced’’ compound-nuclear cross sec
tions. If we first use only the small values that result from
Eq. ~5!, we find the mean value ofsg(CN) /Eg

3 for all 13
primary E1 transitions listed in Table XVI to be
21031026 b MeV23. Much the largest individual value is
that for the transition to the 6018-keV state, which, at nin
times the average, is at the;0.25% confidence level.~The
confidence level is defined as the probability of finding
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TABLE XVI. Direct-capture cross sections for primaryE1 transitions in the19F(n,g)20F reaction. Columns 1, 2, and 3 give th
energy,Jp value, and the (d,p) spectroscopic factorSmultiplied by (2J11) for the final state. Column 4 is the primary transitio
energy. Columns 5 and 6 give the average valency-capture width and the potential-capture cross section, respectively, both
using a global optical potential@see Eqs.~4!–~7! in the first listed reference of Ref.@4##. The entries in column 5 do not include the
spin-coupling factor and the spectroscopic factor; those in column 6 do. Column 7 is the calculated cross section using the glo
valence [G1V] procedure. The experimentally determined cross sections are given in column 8. Finally, column 9 gives the mi
hypothesized compound-nuclear contributions deduced from the differences between column 7 and column 8@see Eq.~5!#. In the table

subheading,a(X) refers to the experimental scattering length, whilea(G) and Gn
0/D refer to the scattering length and the neutro

strength function, respectively, both calculated using the global optical potential.
e
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specific value of reduced compound-nuclear cross section
greater, assuming the Porter-Thomas distribution.! The 6018-
keV state also has the highest direct-capture cross sectio
contrast, the extracted compound-nuclear cross section
the nearby 5936-keV state, which also has a high dire
capture component, is very small~see the last column o
Table XVI!.

If the large values ofsg(CN) @given by the1 sign of7 in
Eq. ~5!# are used for all except the 5936- and 6018-ke
states, the mean value of sg(CN) /Eg

3 is
30031026 b MeV23, and the confidence level for th
6018-keV state is;1%. If the large values ofsg(CN) are
used for all levels, the mean value is no
, or

n. In
for
ct-
f

V

e

w

540031026 b MeV23, and the confidence level for the
6018-keV state shrinks to;0.2%. Even worse is to use the
largesg(CN) value for the 5936-keV state and the small valu
for the 6018-keV state; this choice gives a mean value
160031026 b MeV23, and a confidence level for the 5936-
keV state of;0.1%. After discarding the scenarios that re
sult in very low confidence levels, we conclude that~i! the
average reduced compound-nuclear cross section
;25031026 b MeV23, ~ii ! the transition to the 5936-keV
state is dominated almost completely by direct capture, a
~iii ! the transition to the 6018-keV state has a substant
component (;20% relative to direct! of compound-nuclear
cross section. The rather low confidence level for this com
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ponent (;0.5%) would be improved if the (d,p) spectro-
scopic factors were to be raised. An increase of 20% ac
the board, within the accuracy of the experiment and th
retical analysis, would increase this confidence level
;1.5%.

Because the largest individual contribution to the aver
reduced compound-nuclear cross section comes from a
sition to a final state withJ52, it appears that the principa
level contributing to the compound-nuclear capture h
J51. From the average compound-nuclear capture cross
tion, we can deduce the radiation-width–energy-level re
tion from the equation

^Gg~CN! /Eg
3&El'k^sg~CN! /Eg

3&/2pgRRloc , ~6!

wherek is the neutron wave number andg is the spin-weight
factor of the initial state. The experimental value of this
duced width to energy ratio is about211031029 MeV23.
This value can be compared with Cameron’s@107# semi-
empirical ratio of reduced width to mean level spacing (D),

^Gg~CN! /Eg
3&/D'0.3331029A2/3 MeV23. ~7!

Numerically, the Cameron estimate is 2.331029 MeV23 for
20F. Comparison of the two numbers indicates that the bi
ing of the initial state is about 1/50th of the mean lev
spacing (;300 keV!.

In Sec. V A, we discussed evidence for the possible
servation of a primaryM2 transition in the (n,g) reaction.
The 4630.6-keVg ray is very weak—only 661mb com-
pared to the total capture cross section of 9.5160.09 mb.
ThisM2 cross section value can be converted to a radia
width by comparison with the total compound-nuclear co
ponent (;1.3 mb! of the cross section~see Table XVI!. The
expected radiation width giving rise to this cross section
estimated from Cameron’s relation to be 1.0931026D. Us-
ing D'300 keV, we find a value of 0.33 eV for the tot
radiation width. TheM2 cross section of 6mb can therefore
be attributed to a radiation width of;1.3 meV for this tran-
sition. The Weisskopf estimate for the 4630.6-keVg ray is
0.25 meV if it is pureM2. The enhancement factor of;5 is
at the very upper end of RUL forM2 transitions@79#.

VII. SUMMARY

We have made a definitive study of the primary and s
ondaryg rays in 20F following thermal-neutron capture b
19F. Of the;88 known excited states in20F below the neu-
tron separation energy, 36 were found to be populated in
reaction. For these states, we have determined accurate
energies and~whenever possible! g-ray branching ratios. We
have measured the lifetimes of 25 states in20F—several of
these for the first time. We have distilled reliable spect
scopic information on low-lying levels from the vast liter
ture on 20F levels. This information has been compared w
the results of an extensive shell-model calculation. The g
overall agreement found between theory and experiment
tends not only to the shell model as it pertains to the le
properties, but also to the direct-capture theory, which is a
to reproduce~within a factor of;2 for the five states with
definiteJp assignments! the partial cross sections of the pr
ross
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maryE1 transitions. A more conclusive comparison requi
additional spectroscopic information, especially definiteJp

assignments, for a greater number of levels above 2.8 M

ACKNOWLEDGMENTS

This work was sponsored, in part, by the U.S. Departm
of Energy under Contract No. DE-AC05-84OR21400 w
Lockheed Martin Energy Systems, Inc.~Oak Ridge!, No.
DE-AC02-76CH0016 with the Associated Universities, In
~Brookhaven!, and No. W-7405-eng-36 with the Universi
of California ~Los Alamos!, and, in part, by the Academy o
Finland.

APPENDIX: EXAMPLE OF Jp AND MIXING-RATIO „d2
…

RESTRICTIONS FROM LIFETIMES
AND g-BRANCHING RATIOS

The 823-keV level hast5796 6 ps and branching ratio
of (33.46 3.3)% and (66.66 3.3)%, respectively, for the
823→0 keV and 823→656 keV transitions~see Table VI!.
The partial lifetimes are

tp~823→0!5237629 ps ~A1a!

and

tp~823→656!5119613 ps. ~A1b!

To 3.3 standard deviations~that is, the 0.1% confidenc
limit !, we have

tp~823→0!,tp~0.1%C.L.!5333 ps ~A2a!

and

tp~823→656!,tp~0.1%C.L.!5155 ps. ~A2b!

The Weisskopf estimates for these two transitions are

823→0:tW.u.~E2!5671 ps,

tW.u.~M2!51.613104 ps ~A3a!

and

823→656:tW.u.~E2!51.963106 ps,

tW.u.~M2!

54.903107 ps. ~A3b!

Then, from Eqs.~2a! and~2b!, we have for the 823→0 keV
transition ud(M2/E1)u,0.25, and because RU
tp(0.1%C.L.) exceeds theE2 Weisskopf estimate, there
no restriction onud(E2/M1)u. For the 823→656 keV tran-
sition, the restrictions are ud(M2/E1)u,0.031 and
ud(E2/M1)u,0.090.

From these results we conclude that the 823-keV le
must haveJp526,36, or 41 with the restrictions on the
mixing ratios given above. Using these mixing ratios,
angular-correlation measurements@27# rule outJp522 and
Jp536 at better than the 0.1% confidence limit. F
Jp521, the restriction ond(E2/M1) for the 823→0 keV
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transition given by Longoet al. @24#—from a reanalysis of
the data of Pronko and Nightingale@27#—is 2(2.520.8

14.5).
When used in the analysis of the linear-polarization measu
ment of the 823→0 keV transition@24#, this restriction re-
sults in a rejection of theJp521 alternative at better than
re-

the 0.1% confidence limit, while aJp541 assignment to the
823-keV level with the 823→0 keV and 823→656 keV tran-
sitions beingE2 and M11E2, respectively, gives good
agreement with all angular-correlation and linear-
polarization data. HenceJp541.
.
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