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ural-parity-exchange contribution accounts for
most of the observed strong energy dependence.

At 6 GeV/c and for |t| <1 GeV?, the cross sec-
tion ratio o(7"p - ¢n)/o(7"p — wn) is 0.0032
+0.0004. In the quark model with no IOZ-rule
breaking,!! this ratio is equal to the fraction of
nonstrange quarks in the ¢, and gives a mixing
angle (0) of 38.5°+ 0.2° for the vector mesons,
compared to the ideal mixing angle of 35.3° and
the values of 37.5°+0.3° and 40.2°+0,3° obtained
from the linear and quadratic mass formulas,®
respectively. Since we have shown that ¢ and w
production by unnatural-parity exchange are quite
dissimilar, it probably makes more sense to use
the ratio of |P,|2, 0.0023%0,0004, which leads to
60=38.0°£0,2° a value clearly favoring the linear-
over the quadratic-mass-formula value. This
suppression factor of ~400 is similar to that ob-
served in the IOZ-forbidden f’ -7 decay relative
to the allowed f -7 decay,®® and in the ¢ decay
into pm,'2

Further information on ¢ production is obtained
from the (Y,!) moment, which at these low mass-
es is dominated by interference between P, and
the S-wave amplitude, S,. By assuming a con-
stant phase for S, throughout the ¢ region, fits
to (¥, for |¢| <0.4 GeV?yield a phase for P,
relative to S, of —2°+7° at the ¢ peak and a co-
herence between P, and S, of Re(S,*P,)/(| S, |l P,|)
=0.61+0.10 at the ¢ peak, These results show
no significant £ dependence. Insofar as the low-
mass, low-|¢| S wave is due to 7 exchange? (s-

channel nucleon helicity flip), our results imply
a substantial helicity-nonflip contribution to the
P, amplitude for ¢ production. The 7"p ~wn data
have also been interpreted™'® in terms of a siz-
able nonflip exchange, the Z, with JF=2"", The
rapid energy dependence of the unnatural-parity—
exchange contribution to 7°p - ¢n argues against
a common origin for the large nonflip cross sec-
tions in the two reactions.
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Fission and evaporation-residue excitation functions for 170-340-MeV “Ar +'®Ag have
been analyzed with a code which treats multiple-particle emission with explicit angular-
momentum dependence. It is found that the liquid-drop barriers must be reduced by 40%
to reproduce experimental results, and that multiple-chance fission contributions are

essential to the analysis.

Heavy-ion—induced fission excitation functions
provide valuable data for analysis of nuclear de-
formations at high angular momenta since (in nu-
clei of A <200) fission results predominantly from
high-angular-momentum states. The extraction
of information depends upon unfolding by means
of model calculations; and many of the analyses
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performed to date have been based upon errone-
ous or highly questionable procedures. For ex-
ample, (a) the entire reaction cross sections or
arbitrary constant fractions have been used to
give the compound-nucleus spin distributions!;
(b) statistical analyses have been applied without
using spin-dependent level densitites™? (in other
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than an s-wave approximation); and (c) the arbi-
trary assumption has been made that only first-
chance fission need be considered.! These short-
comings assure that parameters derived from
such analyses vary between being questionable at
best, to incorrect.

In this Letter we report analyses of fission and
evaporation-residue excitation functions for the
system “*°Ar +1%°Ag at laboratory bombarding en-
ergies between 170 and 340 MeV. We use explicit
spin-dependent level densities for particle emis-
sion and fission, with allowance for multiple-

Froc@I+1)[F 52 P [E-B 1) - k] ak,

© I+1 - . -
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where symbols are defined in Table I. There are
two adjustable parameters in the model, a¢/a,
and B ;. Rotational energies for the ground state
at equilibrium deformation and for the nucleus at
the saddle point (versus I) were evaluated from
the RLDM, where the barrier scaling parameter
enters as

Esp(I)=Emin(I)+B(I)Bf- (2)

A computer code was written to evaluate the fis-
sion and particle-emission widths for all ele-
ments of the E -J plane for each nuclide in the de-
excitation chain.® The logic used in evaluating

chance fission. We use the Bohr-Wheeler model®
with rotational energies based upon the rotating-
liquid-drop model (RLDM),* and find an interest-
ing and unexpected result for the barriers re-
quired to reproduce the experimental results.
We show that the simultaneous fitting of fission
and evaporation excitation functions using experi-
mental I ,;, values is necessary to remove am-
biguities from the parameter choices, and that
neglect of multiple-chance fission in such calcu-
lations is not justified.

The fission and particle-emission widths used
in this work are represented by

®

the decay widths for each population element of
the E-J plane has been described previously’; a
grid size of 1 MeV by 17 is used.

We have chosen the *°Ar +°Ag data® for testing
the model since these data provide both evapora-
tion-residue and fission excitation functions over
a broad bombarding-energy range corresponding
to excitation energies of 70-190 MeV and critical
angular momenta for fusion, I.;;,, of (50~100)z.
The comparisons to be presented clearly show
the necessity of having both sets of data over a
broad dynamic range: The small fission cross

TABLE 1. Definition of symbols.

¢, T, Fission and particle-emission widths,

I1,J Emitting- and residual-nucleus angular momenta.

S,,By Intrinsic spin and binding energy of particle v (with v =7 ,p, or a).

T, (€) Transmission coefficient for kinetic energy € and orbital angular momentum 1,
obtained from the optical model with widely used optical-model parameters
for neutrons,? protons,® and @ particles.®

PPy Level densities at fission saddle point and for particle emission; p &< U~ % exp(2
xValy) where, following Lang (Ref. 5), the angular-momentum dependence is
due to adjustment of the excitation energy for an appropriate rotational ener-
gy lsee Eq. (D). .

ag,a, Single-particle level densities at fission saddle point and equilibrium deforma-
tion; used in p¢ and p, with a, =A4/10.

B(I) " Rotating-liquid-drop fission barrier at angular momentum I,

Bg Scaling parameter to adjust the fission barriers [see Eq. (2).

E nin(D) Rotational energy for a nucleus at angular momentum I and equilibrium defor-
mation from RLDM (Ref. 3).

E (D) Rotational energy of a nucleus with angular momentum I at the saddle-point de=
formation, from RLDM (Ref. 3) or modified as in Eq. (2).

E Excitation energy in the emitting (fissioning) nucleus,

#F. G. Perey and B. Buck, Nucl, Phys. 32, 353 (1962).

°F. G, Perey, Phys. Rev. 131, 745 (1963).

°G. R. Satchler, Nucl, Phys. 70, 177 (1965),

273



VoLUME 38, NUMBER 6

PHYSICAL REVIEW LETTERS

7 FEBRUARY 1977

\
/

10®

¢ otExp
0t Calc a¢/ay Bs

105 060 |
100 1.00
125 1.00

260 340

Eal ArMeV
FIG. 1. Experimental and calculated fission cross
sections. Filled circles denote data from Ref, 8, The
three sets of curves show calculated cross sections ob-
tained with combinations of the parameters a¢/a, and
Bs as indicated.

sections near threshold set one requirement; the
evaporation residues permit restrictions at the
higher bombarding energies, independent of any
uncertainties as to whether or not some major
portion of the reported fission cross sections is
equilibrium fission or quasifission.

In Fig. 1 the experimental fission excitation
functions are compared with three representative
sets of calculated values with the following param-
eter choices: (a)a;/a,=1.00, B;=1.00; (b)a;/
a,=1.25, B;=1.00; and (c) a¢/a,=1.05, B; =0.60.
It may be seen that the requirement set by the
threshold fission cross sections eliminates sets
(a) and (b); set (b) also leads to the near disap-
pearance of the calculated high-energy evapora-
tion residues (see, e.g., column 5 of Table II),
and further increases in a;/a, to improve the
threshold fission agreement are thereby ruled
out. The excitation-function fitting can be ac-
complished by also varying B ¢; and a good param-
eter set is represented by (c). Itis shown in Ta-
ble II that set (c) leads to high-energy evapora-
tion residues in good agreement with the experi-
mental values (the fitting to high-energy evapora-
tion residues is independent of whether some
fraction of the highest partial waves assumed to
undergo fission are, in fact, quasifission, as dis-
cussed in Ref. 2). In Table II, a finer parameter
mesh size and broader range of parameter values
are presented to illustrate the points just stated,
and to give some better idea as to the sensitivity
of calculated results to small parameter varia-
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TABLE II. Comparison of experimental fission and
evaporation-residue cross sections (Ref. 8) with re-
sults calculated with the listed combinations of the pa-
rameters as/a, and B¢ (present work).

o5 (169) Ter(236) 0er(337)
ag/a, Bg (mb) (mb) (mb)
1.00 1.00 0.005 710 530
1.15 1.00 0.25 480 240
1.30 1.00 4.7 330 <1
1.26 0.90 9.1 210 <1
1.19 0.80 9.4 280 140
1.12 0.70 9.4 380 180
1.05 0.60 10 480 370
0.98 0.50 16 580 660

20+ 102 620+ 802 455+ 502

2Experimental data (Ref. 8).

tions. We feel that the data are best described
by a parameter set given by B ;=0.60+0.05 and
as/a,=1.03+0.03.

Some theoretical support for a reduction in the
liquid-drop barriers may be found in a model us-
ing a liquid drop with finite range,® in which bar-
riers were found in the mass-150 region corre-
sponding to B¢=0,8-0,9, The results implied by
our work represent reductions of E,(I) from the
pure-liquid-drop results of 4,7 MeV for I=60,
and 2,1 MeV for I="70; the corresponding per-
centage reductions in the saddle-point energies

260 340

E o “Ar)MeV
FIG. 2. Experimental and calculated fission cross
sections. Filled circles denote data from Ref. 8; solid
curve, results calculated with a¢/a, =1.05 and B¢=0.60.
First-, second-, and third-chance fission components
of the total calculated fission cross sections are indi-
vidually indicated.
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are 12% and 5%, respectively. Some of the dis-
crepancy can be understood to be due to the fin-
ite-range effect®; the difference may well be
within the range expected for shell effects in
highly deformed nuclei.®

The relative importance of multiple-chance fis-
sion contributions to the total fission excitation
function calculated with parameter set (c) is ex-
hibited in Fig, 2, The principal multiple-chance
fission components are displayed, In the thresh-
old region, multiple-chance fission is dominant;
and at 169 MeV, the contributions due to first-
through fourth-chance fission are 2,5, 1.4, 3.8,
and 2,5 mb, respectively. The relative impor-
tance of multiple-chance fission decreases with
increasing excitation energy, although at 337
MeV the multiple-chance contribution is still 33%
of the total,

To summarize: (1) It is necessary to fit fission
and evaporation-residue excitation functions si-
multaneously over a broad excitation-energy
range and to use experimental /., values in or-
der to obtain unambiguous model parameters,

(2) The assumption that only first-chance fission
need be considered in such analyses is a poor one
for the parametrization considered herein, (3) A
reduction in the liquid-drop barriers on the order
of 35-45% is necessary to reproduce the experi-
mental excitation functions in the mass-150 re-
gion,
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The optical analog of pulse Fourier-transform NMR spectroscopy is demonstrated.
Doppler-free infrared spectra are obtained for a set of closely spaced 13CH;,F transi-
tions at 9.66 um from two-pulse echo and free-induction decay transients. The effects
of elastic or inelastic collisions on the decay rate are obtained for each transition, and
the long-range force laws are deduced from the dependence of the scattering cross sec-

tion on molecular velocity.

The method of Fourier transforming transient
phenomena from the time to the frequency domain
has proven to be an extremely versatile technique
in pulsed nuclear-magnetic-resonance (NMR)
spectroscopy.! With it, ultrahigh-resolution NMR
spectroscopy can be performed quickly and with
high sensitivity in a set of densely spaced lines.?
Since the NMR signals display coherent transient
behavior, dynamic information about nuclear spin

interactions can be derived in a selective man-
ner for each transition as well.?

This Letter reports an initial demonstration of
this Fourier-transform technique in the optical
region. By employing suitable coherent optical
transient effects in a sample of *CH,F, we are
able to resolve Doppler-free spectra in a set of
closely spaced lines (Fig. 1). The decay charac-
teristics for each transition are obtained also and
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