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to work well for the three-body bound-state prob-
lem, at least, for the molecular-type potential
used in this paper.

While many properties of "C are adequately ex-
plained by the three-boson model, there are some
which clearly have not been well-fitted in this work.
The octupole 3 was obtained too low in energy and
we feel this should be investigated further by con-
structing other phase equivalent potentials and us-

ing them in the 3-boson problem. Similar com-
ments apply to the charge form factor.

ACKNOWLEDGMENT

The authors wish to thank Professor N. de Takac-
sy for many helpful discussions. We are indebted
to Professor A. Arima for a comment. We wish
to thank Professor B. Margolis for support and en-
couragement.

*Supported in part by the N.R.C. of Canada and in part by
the Quebec Department of Education.

tPresent address: School of Computer Science, McGill
University.

~Present address: Shell Canada Limited, Minerals Division,

P.O. Box 100, Calgary, Alberta.
'D. M. Brink, in Proceedings of the International School of

Physics, Enrico Fermi, Course XXXVI, edited by C. Bloch
(Academic, New York, 1966).

N. de Takacsy, Nucl. Phys. A178, 469 (1972).
'N, Takigawa and A. Arima, Nucl. Phys. A168, 593

(1971).
T. K. Lim, Nucl. Phys. A158, 385 (1970).

'H. Hebach and P. Henneberg, Z. Phys, 216, 204 (1968).
D. R. Harrington, Phys. Rev. 147, 685 (1966).
J. V. Noble, Phys. Lett. 31B, 253 (1970).
'J. L. Visschers and R. Van Wageningen, Phys. Lett.

34B, 455 (1971).
S. Ali and A. R. Bodmer, Nucl. Phys. 80, 99 (1966).

' A. D. Jackson, A. Lande, and P. U. Sauer, Nucl. Phys.

A156, 1 (1970).
"G. Derrick and J. M, Blatt, Nucl. Phys. 8, 310 (1958).
' D. L. Hill, J. A. Wheeler, and J. J. Griffin, Phys. Rev.

89, 1102 (1952).
"M. E. Rose, Elementary Theory of Angular Momentum

(Wiley, New York, 1957).
' M. Moshinsky, The Harmonic Oscillator in Modern Physics:

From Atoms to Quarks (Gordon and Breach, New York, 1969),
pp. 44, 57.

"R. Davis, Ph.D. thesis, University of British Columbia,
Vancouver, Canada, 1967 (unpublished).

' G. Ripka in Advances in Nuclear Physics (Plenum, New

York, 1968), p. 237.
"S. Das Gupta, J. C. Hocquenghem, and B. Giraud, Nucl,

Phys. A168, 625 (1971).
' N. de Takacsy, Phys. Rev. C 5, 1883 (1972).
' J. Borysowicz, Phys. Lett. 35B, 113 (1971).' L. R. B. Elton, Nuclear Sizes (Oxford U. P., London,

1961}, p. 22.

PHYSICAL H, EVIE% C VOLUME 7, NUMBER 5

Neutron Capture in Fluorine Below 1500 keV'~'
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Neutron time-of-flight radiative capture data taken at the Oak Ridge electron linear accelerator have

been analyzed for single-level resonance parameters. Eleven resonances were found, with parameters as

indicated, listing Eo (keV), J value assumed, and I ~ (eV) in order: 27.07 (2) 1.4+ 0.3, 48.7 (1)
1.7+ 0.4, 97.0 (1)'~6.0+ 1.8, 269 (2) 3.5+ 0.8, 270 (1) (4.4, 386 (1) )7+2, 490.5 (0) ) 10+3,
595 (2) )7+ 2, 1460 (1} ) 11+3. Values of total width were also found for these resonances. Two

resonances are very narrow and their capture areas yield estimates of gl „. At 43.5 keV,

g I „=0.086+0.02 eV if J ) 1 or I „=0.42+0. 1 eV if 7=0, and, at 173.5 keV, gl „=0.35+0.10 eV.

The increase of nearly an order of magnitude in radiative width with increasing energy up to 600 keV

is notable. Twelve large resonances between 1600 and 5000 keV were not analyzed for capture because

of detector sensitivity to the inelastic scattering channels which open in that energy region.

I. INTRODUCTION

Resonance neutron capture by fluorine has been
studied previously by activation, ' liquid scintilla-
tor tank, ' and sodium iodide scintillation spectrom-
eter. ' The activation method, when applicable,

has advantages in signal-to-background ratio but
suffers from the modest energy resolution of the
available monoenergetic source reactions at the
intensities required. In the present work a gener-
al purpose neutron-capture detector was used,
based on fluorocarbon liquid scintillators with
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FIG. 1. Measured ~SF(n, y) capture yield for a 2.6x 5.2x 0.67-cm (CF2)„sample (0.0337& 10 atoms/cm SF). Environ-
mental backgrounds and backgrounds due to nonresonant scattering from the sample have been subtracted. Mid-channel
data points are connected by straight lines to preserve the experimental resolution in the plots. Statistical deviations
below zero are not significant. The parameters of Table I indicate lower limits to the cross section due to tails of the
analyzed resonances. The 1/v extrapolation of the thermal cross section, for example, provides a lower limit to at
least 538 keV and probably much further because of s-wave levels beyond the 270 keV not included in our analysis.

pulse-height weighting. ' The neutron time-of-
flight resolution permitted the identification of
narrow resonances not seen in the earlier work.
The results for the well-known resonances near
27 and 49 keV agree well with the earlier studies.

II. EXPERIMENT

Neutron capture by a fluorine sample represents
a, unique challenge with our detection system' be-
cause the scintillation detectors contain much
more fluorine than the sample. The very small
probability of neutron capture by Quorine, of
course, was one of the original reasons for choos-
ing a C,F, based y detector. ' Fortunately the ener-
gy loss for a neutron scattered from sample to de-
tector (3 to 16%) is much larger than the neutron
energy resolution (roughly 0.2%) and thereby al-
lows separation of the effect by time of flight. The

effect of scattered neutrons was investigated quan-
titatively using the off-resonance response to' 'Pb' and carbon samples.

The detector pulse-height bias serves to elim-
inate response to the "F 110- and 197-keg inelas-
tic levels in both sample and detector. This bias
leads to an implicit extrapolation to zero pulse
height of all neutron-capture spectra. In particu-
lar, the fluorine-capture y-ray pulse-height spec-
trum is assumed to have the same shape below 153
keV (bias) as that from the 4.9-eV neutron-capture
resonance in gold. As the detector response is
dominated by the Compton process and the w'eight-
ed spectra have only about 3.6% of their area below
this bias, the extrapolation can hardly introduce
an uncertainty as large as 1%.

The detector and 'Li neutron monitor' efficiency
was normalized at the 4.9-eV gold resonance using
a 0.005-cm-thick sample to saturate the resonance.
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FIG. 2. See caption for Fig. 1.
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FIG. 3. See caption for Fig. 1.

The Au line shape was computed with a Monte Car-
lo code. ' The 'Li glass scintillator efficiency at
higher energies and the perturbation of the trans-
mitted flux were calculated as indicated. ~'

III. RESULTS

The y-energy yields from E„=23 keV to E„=700
keV are shown in the three figures. The resonance
parameter information extracted from the yields
is presented in Tables I and II. In the latter, res-
onances from E„=1500to 5000 keV are identified
primarily from their inelastic neutron yields to
the fourth and fifth levels of "Fnear 1500 keV.
Further analysis with bias raised to eliminate this
reaction is probably not warranted as the capture
yield suggested by the activation work' is only of
the order of 0.1 mb, probably indistinguishable

above our present backgrounds.
The resonances up to 200 keV have been analyzed

with two exit channels as has indeed been tradition-
al for all fluorine resonances. ' Although inelastic
scattering to the first two levels (110 and 197 keV)
is not observed directly, it is seen (and corrected
for) in the scattered neutron background and through
competition with resonance capture.

Resonance self-protection factors for the finite
sample thickness were computed by numerical in-
tegration using the complex error function for
most resonances, where multiple scattering with-
in the resonances was unimportant. For the 97-
keV resonance, the width is comparable to the
average energy loss on scattering and a Monte
Carlo calculation' was used to relate the yield to
the parameters.

Near 270 keV a very strong peak is reported"

TABLE I. Derived resonance capture parameters and comparison with earlier work: Gabbard (Ref. 1), Block (Ref. 2)
and Nystrom (Ref. 3). Indicated errors are intended to include both systematic and statistical errors at the 2 standard
deviation level.

Peak
E„(lab)
{keV)

Assumed
J" l

~SF+ n resonance parameters
Observed Derived I'&

r (or In)
(keV) (eV)

Gabbard

ry
(eV)

Nystrom

r„
(eV)

Block
r

{eV)

27.07+ 0.05
43.5 +0.1

48.7 + 0.3
97.0 + 0.5

173.5 ~0.9
269 +1

(270 ~ 8)

386 +1
(490.5 + 1)
595 +2

(1295 + 12)
1460 + 3

2

I
—1

1
0
2
1
1

0.355 + 0.03
&0.08

1.96 + 0.3
13.5 + 1.5

«0.6
10 ~2

5 +1
(2.4 + 0.6)
8 +1

(50 + 10)
14 +2

1.4 + 0.3
gl „=0.86 + 0.02
I'n =0 42+0.1
1.7+0,4

6.0 '+ 1.8

gI'„=0.35 + 0.1
3.5 + 0.8

(«4.4 from
thermal capture)

~7 +2
~(10+3)

( 9.6+4)
~11~3

1,6
2.2

(g I'y =0.44)
3.9

(g I'& =1,8)
1.9
8.1
8.6

1.4 + 0.3

1.5 ~0.3

1,3+ 0.2

1.6+ 0.2
4.2 + 1.1
(for J=1)

May include two resonances.
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TABLE II. Additional resonances from 1500 to 5000
keV seen prominently via ~9F{n,n')y reactions.

Additional prominent inelastic peaks in ~SF+n

E„(lab) F(lab) E„(lab) 1 (lab)
(ke~ (ke~ (keV) (keV)

1645
1916
2240
2465
3075
3215

15
28
45
75

120
80

3400
3475
3620
4240
4620
4900

35
«30
120

90
200
~50

in the inelastic cross section with a width" of at
least 50 keV. In capture we see a 10-keV-wide
peak with only a faint suggestion of an underlying
broader peak. The large inelastic peak can prob-
ably be understood in terms of two resonances
near the same energy with opposite parity (I =0
and 1, respectively). If all the thermal cross sec-
tion is attributed to the broader l =0 resonance and
the yield to the first inelastic level is maximized,
one obtains a quite reasonable radiative width of
4.4 eV. Of course, some fraction of the thermal

yieM can be attributed to a bound level or levels
with J' = 0' or 1'.

Broad levels near 420 and 490 keV appear likely
but a quantitative analysis of capture area has not
been attempted in view of the background uncer-
tainty.

In the group of levels from 27 to 595 keV (6628
to 7167 keV excitation in 'DF) the radiative width

appears to increase nearly an order of magnitude
with increasing excitation. In the next two levels
measured, after a gap of 665 keV, no further in-
crease is evident. The earlier activation study'
reported three levels in the gap with radiation
widths near 3 eV which, however, should be a low-
er limit in view of inelastic competition.

With so few levels found it is probably best to
hope for their future accommodation to a detailed
shell model rather than to compute strength func-
tions or speculate on doorway states.

The infinite dilution resonance integral (includ-
ing the I/v term) computed from Table I is 23+ 5
mb. This is in good agreement with the reported
value 25 + 5 mb. " Likewise the Mmwellian aver-
age [ox v]/gr =7.6 mb for kT =30 keV."
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