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Thin targets of 107Ag were bombarded at the Oak Ridge Isochronous
Cyclotron with Ne ions ranging in energy from 110.4 to 165.6 MeV. Silicon
surface barrier detectors were used to detect coincident pairs of fission
fragments and to measure fragment kinetic energies. The fission excitation
function, relative to Rutherford scattering, was obtained. A fragment
angular correlation measurement was made at 165.6 MeV, and, within the
limits of our statistical uncertainties, the correlation was found to be
symmetric with a full-width-at-half-maximum (FWHM) of 11°.

The fission cross section,ap, was found to range from 1.06 mb at
110.4 MeV to 73.3 mb at 165.6 MeV. Calculations of a,, have been made on the
basis of a model in which fission competes with other modes of de-excitation
of the compound nucleus, and in which the variation of the fission barrier
Bf with angular momentum is taken into account. The barrier height and the
ratio of the level density parameter for fission to the level density param-
eter for particle emission, a£/an, were treated as adjustable variables. It
was not possible to obtain a fit to our measured excitation function on the
assumption that the compound nucleus formation cross section, OQ^, is equal
to the total reaction cross section a^. For a^j < a^, however, it was
possible to fit our data with a wide range of B~ and a~/a combinations.

At a bombarding energy of 165.6 MeV, fragment mass and total kine
energy distributions were obtained from the data by means of an iterative
center-of-mass transformation. The mass distribution was found to be
symmetric, and the average total kinetic energy to be 87 MeV. Measured
widths of the mass and total kinetic energy distributions were compared
with the liquid drop model, which predicts the mass distribution to be broad
(38 amu FWHM), and the total kinetic energy distribution to be narrow (14
MeV FWHM). The measured width of the mass distribution (36 amu FWHM) was
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found to be in good agreement with the liquid drop prediction, but the width
of the kinetic energy distribution (22 MeV FWHM), is somewhat greater than
that predicted by the liquid drop theory.

Research sponsored by the U. S. Atomic Energy Commission under contract
with the Union Carbide Corporation.



I. INTRODUCTION

In undertcking a study of the fission of such relatively light nuclei
as those in the region of silver, we have been motivated by several recent
developments. First, there appears to be a widespread increase of interest
in heavy-ion reactions in general, and in the way in which they can be used
to form superheavy elements in particular. There is both experimental [l,2]
and theoretical [3] evidence that high angular momenta encountered in heavy-
ion reactions can lower the fission barrier drastically, and that this effect
can influence both the formation and the decay of compound nuclei [4]. In
the region of silver, where the fission barriers are very high (of the order
of 40-50 MeV at zero angular momentum), it is possible to study fission only
when angular momentum is used to lower the barrier to the point where the
fission cross section is in the millibarn region, and the fission counting
rate is acceptable. By studying a system in which the angular-momentum-
dependent lowering of the fission barrier is an essential ingredient, we hope
to gain information that will also apply to other mass regions.

A second motivation is the desire to understand the 20Ne + 107Ag re-
action in general. Natowitz [5] has found that at a bombarding energy of
173 MeV the cross section for evaporation residue products (i.e., compound
nuclei that have de-excited by particle emission) is only about four-tenths
of the estimated total reaction cross section aR. Since the cross section
for transfer reactions is expected to account for only a small portion of
the remaining six-tenths of aR, several hundred millibarns remain to be
accounted for. Blann and Plasil [4] have shown that theoretical calculations
are consistent with Natowitz's experimental result and have suggested that
part of the "missing cross section" can be accounted for by fission. In
this work we have investigated the extent of the fission contribution.

Finally, the fragment mass and total kinetic energy distributions in
this mass region are also of interest. For increasingly lighter fissioning
systems, the so-called Businaro-Gallone [6,7] point is reached near rhodium.
For elements lighter than rhodium, the saddle-point shapes are-unstable
against asymmetric distortions, with the result that at the Businaro-Gallone
point Nix [7] predicts the fragment mass distribution to be infinitely broad.
For fissioning systems such as ours, which are close to, but above, the
Businaro-Gallone point, Nix predicts the mass distributions to be relatively
broad, and the fragment total kinetic energy distributions to be relatively
narrow. One of the purposes of this work is to check these liquid drop
model predictions.

Earlier work in which heavy-ion-induced fission of silver was studied
includes the glass-plate track detector experiment of Obukhov et al. [8] and
the fragment energy and velocity measurements of Cabot [9], Obukhov et al.
have measured fission cross sections from 20Ne bombardments of silver at 168,
183 and 19" MeV. Unfortunately, their fragment detection technique was such
that fragments with kinetic energies below an undefined limit did not register
in the glass plates, and the cross sections of reference [8] must, therefore,
be regarded as lower limits. Cabot [9] has studied the fission of silver in-
duced by 126 MeV XI\N ions. In this case, the angular momentum effects are
relatively small, resulting in a low fission probability; consequently Cabot
measured only about 400 fission events. He was, however, able to deduce
crude mass and total kinetic energy distributions from his data.

Heavy-ion-induced fission of nuclei heavier than silver but lighter
than gold has been studied by a number of authors [1,2,10,11]. Sikkeland
and co-workers [2,ll] have measured a large number of fission excitation
functions for targets in the rare earth region and for projectiles ranging
from X1B to 22Ne. The lightest system studied by Sikkeland was Cs + lB0 [2],



Plasil, Burnett, Britt and Thompson [10] have measured fragment mass and
total kinetic energy distributions for systems as light as 170Er + 1 60.
Thus our investigation of fission from the 107Ag + Ne reaction extends both
fission cross section and mass distribution measurements to a region of nuclei
that are considerably lighter than those studied previously. Our results con-
sist of a fragment angular correlation measurement at 165.6 MeV bombarding
energy, the fission excitation function from 110.4 MeV to 165.6 MeV, and a
mass-total-kinetic-energy distribution at 165.6 MeV.

II. ANGULAR CORRELATION

The first part of our study consists of a measurement of the fragment
angular corre.lation. Such measurements have been discussed fully by
Sikkeland, Haniec and Viola, [12] and by Viola et al. [13]. The measurement
makes use of two silicon surface-barrier detectors with small geometry. One
detector (detector 1) is kept at a fixed laboratory angle relative to the
beam axis, while the angle of the other detector (detector 2) is varied. The
coincidence counting rate between fragments in the two detectors is measured
relative to the number of incident beam particles. In our experiment, we
have followed the lead of Viola et al. [13] and have used a position-sensitive
detector for detector 2. Thus it was not necessary to change the angle of
detector 2, and the in-plane angular correlation was obtained in a single
measurement.

The angular correlation data provides information on the forward
linear momentum transfer from the projectile to the composite nucleus of
target and projectile. Thus, for a given mass split and for given fragment
kinetic energies in the center of mass system, it is possible to calculate
the relationship between the two fragment angles in the laboratory system
[14], based on the assumption of full momentum transfer. If the predicted
angular correlation is observed, then it can be taken as evidence that
fission was preceded by full momentum transfer. Should there be a component
of fission following incomplete momentum transfer present, it would cause a
tail in the angular correlation towards higher angles of detector 2 [12,13].

A. Experimental Details

A beam of 165.6 Me7 2 0Ne 6 + ions from the Oak Ridge Isochronous Cyclo-
tron (ORIC) was incident on a self-supported 107Ag target of about 200 ugm
cm"2 thickness, oriented at 90° to the beam axis and located at the center
of a scattering chamber. The beam collimation arrangement was such that the
width of the beam incident on the target was approximately 2 mm. This was
confirmed by examining a very faint burn pattern on the upstream side of the
target at the termination of the experiment. Beam levels were held at about
30 nA, as measured with a Faraday cup at the exit of the chamber. Detector 1
was a silicon surface-barrier detector of the heavy ion type (ORTEC). It was
collimated by an aperture of 4 mm located at 7.64 cm from the center of the
target. Detector 2 was a position-sensitive detector (ORTEC). It was lo-
cated at 8 cm from the target and was collimated by a plate with 5 slits.
Each slit was 0.14 cm wide and about 0.4 cm high. The spacing of the slits
was 0.7 cm, on centers. Thus each slit subtended 1.0° at the center of the
target, and detector 1 subtended 2.9°. Detector 1 was placed at an angle
i|/, = 60° to the beam axis, and the slits of detector 2 were located at
angles 4>2 ranging from 55° to 75°.

Four correlated parameters were recorded for each coincidence event.
These were the energies of the two fragments, the position in detector 2 and
the time difference between the two fragments. The data were sorted on a
computer to yield, for each slit in detector 2, an array whose coordinates
were the pulse heights in detectors 1 and 2. This array is related to an



energy of fragment 1 vs. energy of fragment 2 array, and it was used to sep-
arate true fission events from other events and from accidental coincidences.
The separation between the different types of events was found to be good.

B. Results and Discussion

The in-plane angular correlation obtained is shown in Fig. 1. About
1000 events were measured. The vertical error bars are due to statistical
errors. The horizontal error bars take into account not only the finite
apertures of the detectors, but also the finite effective target size. It
was found that the data could easily be fitted with a symmetric Gaussian dis-
tribution of 10.9° FWHM. The position of the correlation peak at î 2 = 62°
(for a fixed angle of detector 1, ip.= 60°) is consistent with full momentum
transfer from the projectile to the fissioning system, for a symmetric mass
split and for a center-of-mass total fragment kinetic energy Ej. of 90 MeV.
It will be shown in section IV that the mass distribution is indeed peaked at
symmetric mass divisions, and that <EK> is close to 90 MeV.

From the symmetric nature of the angular correlation, we conclude
that there is not a large contribution present from fission following incom-
plete momentum transfer. This result is expected if all fission observed
follows compound nucleus formation, as is likely to be the case. The width
of the angular correlation, the position of its peak, the clean separation
of fission events from other events, all seem to indicate that Z0Ne-induced
fission of 107Ag is a well-behaved process with few surprises, and that the
observed fragments are due to the binary fission of the 127La compound
nucleus.

III. FISSION EXCITATION FUNCTION *

The usual purpose in measuring a fission excitation function is to
extract from the results a value for the fission barrier B£ of the fissioning
nucleus [2,11]. This was also our goal, but as it turned out, it was not
possible to obtain an unambiguous value of B£ for 127La from our data.
Furthermore, as a result of our analysis, we seriously question the validity
of previous attempts [2,ll] to extract Bf values from heavy-ion fission data.

Early analyses of heavy-ion fission excitation functions [2] involved
the fitting at various bombarding energies of theoretical Tf/?n ratios to
ojar}, ratios, where I\. and T are the fission and neutron widths, o\- is the
measured fission cross section, and a C N is the calculated compound nucleus
cross section. This fitting was accomplished by means of adjusting various
parameters in the Tf/Tn expression, such as B^ and the level density paransters
for fission and neutron emission, a^ and an.

 Tn reference 2 the r£/rn fits
were made only for an average value of angular momentum. In a later paper [ll]
Sikkeland et al. have made fits of average values of Tf/Tn, where Tf/rn was
evaluated separately for each partial wave, and then averaged over the
angular momentum distribution. Both in reference 2 and in reference 11, the
angular momentum effects on the fission barrier were treated only approximately,
by subtracting estimated rotational energies in the If and T expressions.
These rotational energies were obtained from the moments of inertia of non-
rotating (undeformed) ground and saddle-point shapes. Furthermore, in these
analyses, the calculated compound nucleus cross section a^N was obtained by
assuming that it was some fraction of a calculated total reaction cross sec-
tion aR, and that the ratio ov-N/aR was a function only of the projectile,
and was independent of the target and of the bombarding energy. This as-
sumption, which is inconsistent with recent measurements [5,15], can lead to
particularly serious errors in the determination of B~ values, as we shall
show.



In our analysis we have calculated Of values by the method of Blann
and PJ.asil [4,16]. This method makes use of the variation of the fission
barrier with angular momentum as given by the rotating liquid drop model [3]
and allows for multiple-chance fission (i.e., fission following particle
evaporation) and for competition from neutron, proton, and alpha particle
emission. The fission cross section is evaluated for each partial wave (i.e.,
for each integral value of the angular momentum J) and a final fission cross
section is obtained by summing over all J values. We will not describe these
Of calculations here. A brief description can be found in reference 4, and
a more detailed description will be available in the future [16].

A. Experimental Method

A 2 0Ne 6 + beam from ORIC was incident on a thin deposit (about 200 ygm
cm"2) of 107Ag on a 30 ugm cm" carbon backing. The deposit was a 1 mm by
3 mm rectangle, and the target was oriented perpendicular to the beam axis.
Two silicon surface-barrier detectors were used to detect coincident fission
fragments. At a bombarding energy E. = 165.6 MeV, both detectors were placed
at 61.5° relative to the beam axis. For other bombarding energies, the de-
tector angles were calculated as indicated in reference 14. For the lowest
energy studied, E L = 110.4 MeV, \>j, = ^2

 = 66.2°. Detector 1 was collimated
with a 1.8 cm diameter aperture at 7.65 cm from target center and detector 2
was also collimated with a 1.3 cm diameter collimator, but was placed at
3.15 cm from the target. From our angular correlation (Section II) we esti-
mate that with this geometric arrangement, essentially all partners of frag-
ments detected in detector 1 registered in detector 2.

The number of beam particles incident on the 107Ag target was monitored
by detecting elastically scattered 20Ne particles in a monitor detector located
at an angle of about 12.5° with respect to the beam. The effective aperture
of the monitor detector was 0.2 cm by 0.04 cm, and it was located at a distance
of 18.1 cm from the target center. The monitor detector's counting rate at
each bombarding energy was corrected for the change of the Rutherford scatter-
ing cross section with E^. For the purpose of obtaining absolute fission
cross sections, Rutherford scattering of 20Ne ions from the target was measured
with fission detector 1 at 15° and 20° relative to the beam axis. For this
purpose, detector 1 was collimated with an aperture of 0.4 cm diameter, but
its distance remained fixed at 7.65 cm.

The 20Ne energy was varied by means of insertion of aluminum foils
into the beam ahead of the target. The beam energy was thus decreased, and
the energy resolution was also decreased through straggling. The monitor de-
tector provided a convenient means by which to measure the beam energy and
determine straggling effects. It was found that the undegraded elastic 20Ne
peak in the monitor detector had a FWHM of ̂  1 MeV, while at our lowest de-
graded energy (110.4 MeV) the scattering peak had a FWHM of 2.3 MeV.

For each fission event, three correlated parameters were recorded on
magnetic tape. These were the pulse heights Xi and X2, related to the kinetic
energies of the fragments, and the difference in time between the detection
of two fragments. Number-of-events NfXj^) arrays were constructed for
events falling within a specific window in the time parameter. True fission
events were identified by inspection of the N(Xj,X2) arrays. There was
little ambiguity in attributing events to fission or to other categories.

The fission cross section a^ at any particular bombarding energy EL
was obtained from our data as follows: The differential cross section for
fission at the laboratory angle ijj., was obtained from
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where Np is the number of fission events in a run in which Nwp monitor events
were detected; N^ is the number of Rutherford scattered 20Ne ions observed in
detector 1 at a laboratory angle of (ta; NwR is the number of monitor events
observed during the Rutherford scattering run; and G is the factor by which
the geometry of detector 1 was changed from the fission runs to the Rutherford
scattering run. The differential Rutherford scattering cross section in the

/d°el\
laboratory system, I -,n can be calculated easily. The differential

fission cross section in the center-of-mass system was obtained from

da

- V-
/cme \ /lab^ sin Sj

In our symmetric arrangement, 01 = 90°. The integrated cross section was
obtained from *

W
To perform this integration, the fragment angular distribution should be
known. It was unfortunately, not possible to measure it due to problems
associated with making measurements close to the beam axis. It is known,
however, that fragment angular distributions from heavy-ion-induced fission
follow a 1/sin 9 function up to about lji = 15° [2]. If the 1/sin 6 distri-
bution were to hold at all angles, the above integral would be equal to TT.
Sikkeland [2] estimates that the integral is equal to kTr, where k varies
linearly from 0.95 at a bombarding energy of 208 MeV to 0.85 at 120 MeV. We
have chosen to use this estimate. The final expression for of is, therefore)
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B. Results and Discussion

The excitation function was measured from E, = 110.4 to E^ = 165.6
MeV. The results are shown in Fig. 2. On an absolute scale, we estimate
that our errors from all possible sources may be as high as ± 20%. On a
relative scale, however, the accuracy is considerably better, probably in
the region of 5%. Our measured fission cross section of 73.3 mb at 165.6
MeV can be compared with the result of Obukhov et al. [8] of 43.4 mb at
168 MeV. Considering the fact that the method of Obukhov et al. involved
a low-energy detection cutoff and that their value is claimed to be a lower
limit, the agreement between the two results is reasonable.

As was discussed earlier, we have attempted to fit our experimental
excitation function with calculated ov values from a model that includes the
variation of B£ with angular momentum, allows for multiple chance fission,
and includes competition from charged particle emission [4,16] in the de-
excitation process. The calculation is an equilibrium model calculation,
predicting the decay modes of the compound nucleus. It is performed for each
partial wave populating the compound nucleus. Partial-wave total reaction
cross sections were computed in the optical model, using Thomas' parabolic
potential approximation [17] with parameters from reference 17. The two
adjustable parameters in the 0"£ calculation were the fission barrier Bf, and
the ratio of the level density parameters for fission and particle (neutron,
proton and alpha! emission, a-/a . The variation of Bf was accomplished by
setting Bf = f B|

D, where B^D is the fission barrier from the rotating liquid



drop model [3] and f is a scaling factor. Thus the functional variation of
the barrier with angular momentum remains as prescribed by the liquid drop
model, but the absolute magnitude can be adjusted. Since the calculation is
sensitive to a^/a but insensitive to the absolute values of the level density
parameters, a^ was kept fixed at 15.9 MeV"1.

Our initial fitting attempts were based on the assumption that at all
bombarding energies the compound-nucleus cross section a C N is equal to the
total reaction cross section a^, as calculated from the optical model. With
this assumption, it was not possible to fit the experimental data. This
point is illustrated in Fig. 2 where several attempted fits are shown. All
calculated excitation functions were constrained to pass through the experi-
mental point at the lowest bombarding energy. The combination of parameters
ranged from Bf = 1.1 B P , af/a^ = 1.315 for curve A, to Bf = 0.6 B|D,

=0.92 for curve F. It is clear that none of the fits is adequate.

In an attempt to examine the effects of the oc^ = OR assumption, we
have performed the following calculation. We have assumed that at our lowest
E, (110.4 MeV), aCN remains equal to aR. By fitting our calculated Or to
this lowest energy point, we obtained a set of B£ and af/an values (identical
to those given in Fig. 2). At each higher energy, we have assumed that the
highest partial waves lead to incomplete fusion and that compound nucleus
formation takes place only up to some value of angular momentum. JQ. The
value of JQ was obtained from our calculation as follows. For a particular
combination of Bf and a^/a and at a particular bombarding energy, the fis-
sion cross section Of j was calculated for each partial wave; JQ was then

obtained from L ar T = c,., whexs 0- is the measured fission cross s ection

at that bombarding energy.

This procedure is illustrated for a particular case in Fig. 3. Here
the heavy solid line gives the calculated total reaction cross section and
the lighter solid curve, continued by a dashed curve, gives the calculated
fission cross section. The location of Jc was obtained by making the shaded
area equal to the measured fission cross section. The assumption is that
the compound nucleus cross section is given by the area of the triangle to

JC
the left of the vertical Jr line (i.e., or.. = Z a ) and that for J > J

L LN T—n K,J ^

compound nucleus formation does not take place, and fission is thus not
observed.

In this procedure, the calculated fission cross section is forced to
reproduce the experimental measurements, and the ratio o>vr/ap> is deduced
from the calculation. A plot of this ratio for two sets of Bf and af/an
values is shown in Fig. 4.. As was pointed out, the ratio is arbitrarily set
equal to 1 at 110.4 MeV. Curves of the type shown in Fig. 4 can also be
obtained for other sets of B£ and af/an values. Also shown in Fig. 4 is the
result from a track-detector complete-fusion measurement of Natowitz [5].
It can be seen that this experimental result is consistent with the curve
for Bf = B^D and af/a = 1.22. Thus a consistent picture can be obtained if
a liquid drop fission barrier is used in the calculation and if the ratio
a.p/a assumes a reasonable value, when compared with Zf/a^ values from the
analysis of fission induced by light particles [18] (where o"CN is expected
to equal aJ. Values of Of, OQ^, a^ and JQ at several bombarding energies,
for the two cases shown in Fig. 4, are given in Table I. One interesting
feature in the table is that while Ĵ ., as a function of bombarding energy,
varies from 55 "fi to 66<& for Bf = 0.7 BJtfD and af/an = 1.0, it remains at a
constant value of about 5 2 ^ for the &fi and a~/a = 1.22 case.



In conclusion, we wish to point out that we were not able to extract
an unambiguous value for the fission barrier of our compound nucleus 127La.
This could presumably be done if a complete-fusion excitation function were
available. We hope to undertake such measurements in the future. It is
worthwhile to point out that all earlier extractions of B£ values from heavy
ion fission data did not consider the possibility of the o>x,/aR ratio changing
with bombarding energy. This may be the reason why Sikkeland et al. [2,11]
were able to fit only the steep parts of their excitation functions. Our
conclusion is that the assumption of a fixed O"CM/CR ratio makes the barriers
obtained in references 2 and 11 unreliable. While we believe that the OVM/O",,
effect is likely to be an important one in heavy-ion-induced fission, we do
not rule out the possibility that other contributing effects, such as effective
changes in the af/an ratio with increasing excitation energy [19], may also
play an important role.

IV. MASS AND TOTAL KINETIC ENERGY DISTRIBUTIONS

To explore in greater detail the fission characteristics of the 127La
compound nucleus, we have measured the fragment mass and total kinetic distri-
bution at a bombarding energy of 165.6 MeV. As was stated in the introduction,
our primary motivation was to compare the widths of our distribution with
those predicted by the liquid drop model [7], Apart from this specific pur-
pose, however, these distributions were of general interest, since the lightest
system for which published results were available was 1860s [10].

A. Experimental Detai]g

A beam of 2 0Ne 6 + ions from ORIC was incident on a thin self-supported
107Ag target, orientod at 90 to the beam, and located at the center of a
scattering chamber. Detector 1 was collimated with a 0.4 cm aperture, and
located at 7.64 cm from the target center and at an angle of 60° with respect
to the beam axis. Detector 2 was collimated with a 1.8 cm diameter aperture.
It was located at 6.4 cm from the target and at 62° to the beam axis. Thus
detectors 1 and 2 subtended angles of 3° and 16 respectively, at the target
center. From our angular correlation measurement we have concluded that with
this geometric arrangement, complementary fragments of more than 77% of all
fission events incident on detector 1 were detected by detector 2. Both de-
tectors were silicon surface-barrier detectors of the heavy ion type (ORTEC).
Permanent magnets, placed in front of the collimator of detector 2, prevented
the detection of stray electrons. Beam levels were held to below 60 nA
charge current to minimize pileup effects. The stability of the electronic
system and pileup effects were monitored with a precision pulse generator.
Pulser events were recorded together with fission events, and the data were
later corrected on a computer for small electronic drift.

Correlated pulse heights related to fragment energies were recorded
event-by-event on a magnetic tape and processed as described earlier [14J.
The calculated fragment masses obtained from the data are very close to pre-
neutron-emission masses [14,20]. The target thickness was measured with
2S2Cf fragments and was found to be 115 ugm cm"1. A standard target thickness
correction was applied to the data [14]. The detectors were calibrated Kith
a 252Cf source, and the calibration constants of Schmitt et al. [21] were
used. We have also used the recently developed calibration method of Kaufman
et al. [22], and found that in the region of mass and energy in which we were
working (mass % 64 amu, energy % 45 MeV), the two calibration methods give
similar results. For example, the average fragment total kinetic energy was
86.9 MeV according to the calibration method of Schmitt et al. and 89.8 MeV
according to the method of Kaufman et al. The results presented below were
obtained by the calibration method of reference 21.
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B. Results and Discussion

Approximately 6600 events were measured. The mass distribution was
found to be peaked at symmetric mass divisions, and the overall average
fragment total kinetic energy <E,,> was found to be 86.9 ± 2 MeV. This energy
can be compared with predictions from the systematics of Viola [23]. Refer-
ence 23 gives two.$ets of predictions: an empirical relationship given by
E^ = 0.1071 Z"/A ,~ + 22.2 and a semi-empirical relationship given by
EK = 0.1240 2

2/A ' . For our system, E,, values predicted by the two relation-
ships are 91.4 MeV and 80.1 MeV respectively. Our measured average value,
uncorrected for neutron emission, happens to fall between the two predictions.
We have corrected our value of <EK> for neutron emission as described in [24]
to give <Ej,> = 91.3 MeV. The agreement between this corrected value and
Viola's empirical prediction is extraordinarily good, particularly when we
consider that most of the data on which the Viola relationship is based are at
Ev > 150 MeV.

In Fig.. 5 the mass vs. total kinetic energy distribution is shown.
The kinetic energies are not corrected for neutron emission from the fragments.
The general features of the distribution are similar to those found in earlier
heavy-ion-indv.ced fission measurements [10]. The mass distribution is shown
in Fig. 6, together with the average total kinetic energy (uncorrected for
neutron emission) as a function of mass. While the contours in Fig. 5 have
been smoothed and symmetrized, the mass distribution in Fig. 6 has not, and
its symmetry is to some extent a measure of the quality of the data.

To compare the widths of the mass and total kinetic energy distri-
butions with Nix's [7] predictions, it was necessary to calculate the nuclear
temperature; 9 at the saddle point. This was accomplished by means of the
relationship E|P = a 02 - G, where E^p is the excitation energy at the
saddle and where a, the level density parameter, was taken to be 15.9 MeV 1.
It is probable that most observed fission events are due to the fission of
compound nuclei with angular momenta approximately equal to 51 -ft (see Section
III, Table I and Fig. 3). Thus, E^p, which is a function of angular momentum
J, was evaluated at J = 51 -h. The nuclear temperature obtained in this
manner was 2.16 MeV. Using this value, we obtain from reference 7 the pre-
diction that our mass distribution should have a FWHM of 38.2 amu, and that
the total kinetic energy distribution should have a FWHM of 14.2 MeV. Our
measured widths were found to be 36.4 amu FWHM (13.16 rms width) for the
mass distribution and 22.5 MeV FWHM (9.60 rms width) for the total kinetic
energy distribution. The agreement between experiment and theory is ex-
cellent in the case of the mass distribution, but not very good in the case
of the total kinetic energy distribution.

V. CONCLUSION

From our measurements we conclude that the characteristics of 20Ne-
induced fission of 107Ag are consistent with the expected fission properties
of the compound nucleus 127La. The measured fragment kinetic energy and
mass distributions are in reasonable agreement with theoretical liquid-drop-
model predictions, and the average total kinetic energy agrees with the
value expected from fission systematics. Analysis of the fission excitation
function indicates, in agreement with a complete-fusion measurement [5],
that a large fraction of the total reaction cross section does not involve
compound nucleus formation, and does not contribute to the fission cross
section. It was not possible to extract a value for the fission barrier of
3Z7La, but the data are consistent with liquid-drop-model fission barriers.
The liquid-drop-model value of Bf for

 127La at zero angular momentum is
40.3 MeV [25].
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TABLE I. Parameters from Analysis of Excitation Function

, *f . RLD, a,/a J L °f °CN 0R aCN/aR JC
(units of Bf ) f n (MeV) ( m b ) (jJ>) ( m b ) ^

1.0 1.22 117.7 4.08 1107 1230 0.90 52
1031 1390 0.74 52
927 1541 0.60 52
761 1739 0.44 51

117.7
129.0
142.2
165.6

117.7
129.0
142.2
165.6

4.08
13.2
33.3
73.3

4.08
13.2
33.3
73.3

0.7 1.0 117.7 4.08 1222 1230 0.99 55
1275 1390 0.92 58
1294 1540 0.84 62
1271 1739 0.73 66

B- is the fission barrier in units of the liquid drop barrier B,. , a.Ja. is the ratio of the
level density parameters for fission and for particle (neutron, proton,"alpha) emission,
E. is the laboratory bombarding energy, af is the measured fission cross section, arM is the
compound nucleus cross section as obtained from the analysis described in section III B,
o is the calculated total reaction cross section and J_ is the angular momentum limit
discussed in the text.
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FIGURE CAPTIONS

Fig. 1. Fission fragment angular correlation with angle of detector 1, î 1,
fixed at 60° relative to the beam axis. ^2 *s t n e angle of the
various slits in the position-sensitive detector 2.

Fig. 2. Measured fission excitation function (closed circles and heavy solid
line), and attempted theoretical fits (light solid lines). The
parameters for the curves are as follows: Bf/B~ = 1.1, 1.0, 0.9,
0.8, 0.7 and 0.6 and af/an = 1.315, 1.220, 1.135, 1.060, 0.990 and
0.920 for curves A, B, C, D, E and F respectively.

Fig. 3. Illustration of method of excitation function analysis. On is the
calculated total reaction cross section (heavy solid line). Oc is
the calculated fission cross section (light solid line, changing to
dashed line). Location of angular momentum limit JQ is such that
the shaded area is equal to the measured fission cross section.
Compound nucleus formation is expected to take place only for J < J,,.

Fig. 4. Calculated ratio of compound nucleus cross section to total reaction
cross section for two sets of Bf and af/an values as a function of
bombarding energy. Both curves were arbitrarily required to pass
through CJCN/OJ, = * a t ^L = ^^.4 MeV. The dashed portions of the
curves represent extrapolations. The closed circle is a complete-
fusion measurement of Natowitz [5].

Fig. 5. Fragment mass vs. total kinetic energy contour diagram. The labels
on the contours refer to numbers of events in regions of 5 MeV by
5 amu. The data were symmetrized and smoothed. The total kinetic
energies have not been corrected for neutron emission from the frag-
ments .

Fig. 6. Fragment mass distribution and fragment average total kinetic energy
as a function of mass. The kinetic energies have not been corrected
for neutron emission from the fragments.
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