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Fusion barrier distributions for heavy ion systems involving prolate and oblate target nuclei
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Fusion excitation functions spanning the entire barrier region in 1 MeV energy steps for the two systems
40ca + 19%0s, 9%t are presented. The results of fission fragment angular distribution measurements for
fusion-fission of*°Ca + °7Au at several projectile energies within the barrier region are also presented. The
fusion data are of high enough precision to allow for extraction of the distribution of fusion barriers from the
second differential of the product & and o. Basic coupled channels calculations which are in quite good
agreement with the data are shown and discu§S#556-28186)04112-X]

PACS numbdss): 25.70.Jj

I. INTRODUCTION expected to cause an observable difference in the shapes of
the fusion barrier distributions for the two systems. The re-
The study of heavy ion fusion reactions has been an aresults of the cross section measurements and the extracted
of extensive work for many yeafd,2]. The observation in distributions of fusion barriers have been previously reported
heavy ion systems at near barrier energies of fusion crodd.3]. The purpose of the present paper is to furnish further
sections several orders of magnitude greater than those esletails of the experimental setup, present measured fission
pected from simple one-dimensional barrier penetratiorfragment angular distributions, and also to present further
models has driven much of this work. Currently, the subbarcoupled channel calculations for comparison with the data.
rier fusion enhancement observed in heavy ion reactions is
explained by allowing the relative motion degree of freedom
to couple with internal degrees of freedom, such as static
deformationg3,4], zero-point vibrational motiofi5], inelas- Because of their higi?/A values, any compound nuclei
tic [6] and transfef7] channels, and also neck formati8].  resulting from fusion will decay by fission. Detectors and
The standard theoretical calculations are performed withirassociated electronics are required to yield both energy and
the coupled channels framework in which a single calcularelative time information to identify these fission events. De-
tion is capable of predicting the relative cross sections for altectors for monitoring the Rutherford scattering process are
possible reaction channdl8,10]. In a coupled channels cal- also required for absolute normalization, beam position off-
culation, the entrance flux is split among all possible chanset determination, and beam energy determination. This
nels, each of which confronts a different barrier resulting in asetup allows for fusion cross sections to be measured in rela-
distribution of barriers to fusion rather than a single barriertively fine, known energy steps covering the entire barrier
Barriers lower in energy than the one-dimensional Coulomlregion. The measurements must be precise enough to allow
barrier are then responsible for the enhancement of fusiofor double differentiation to extract the barrier distributions.
cross sections at low energies. This distribution of fusionThe following sections detail the setup used for this experi-
barriers for a given system acts as a “fingerprint” of the ment. All experimental work was performed at the Nuclear
type, relative importance, and other details of the coupling$hysics Laboratory at the University of Washington in Se-
relevant to the fusion process. attle.
A prescription was suggesté¢ill] and later demonstrated
[12] which allows for this distribution of fusion barriers to be
directly extracted from the experimental measurement of the
fusion cross section. The barrier distribution is acquired by The “°Ca ions were accelerated using the Nuclear Physics
twice differentiating the product of the projectile energy andLaboratory’s FN Tandem Van de Graaff accelerator, which
the fusion excitation functior(E). The goal of this inves- is currently capable of operating at terminal voltages up to 9
tigation was to experimentally measure the fusion excitatiorMV, in conjunction with the Superconducting Linear Accel-
function for two systems which are quite similar yet shoulderator. Using only the tandem acceleratica beam of en-
display a characteristic difference in their distributions ofergies up to 120 MeV are achievable. The analyzing magnet
fusion barriers. The systems chosen for stud{Ca + and corresponding beam optics are able to define this energy
19205, 19pt, are very similar except for a difference in static to within =100 keV. The combination of accelerators is ca-
quadrupole deformation of the two targets. The selected isgpable of producing as much as 10 particle nA“8€a beam
tope of osmium exhibits a prolate deformation while the iso-on target with energies up to 250 MeV. At the expense of
tope of platinum is oblate deformed. This shape difference igompromising intensity, higher energies may be achieved by
further electron stripping before entering the linac. Using this
setup, the facilities are capable of producing 0.5 particle nA
*Present address: Physics Department AD-51, Gonzaga Univenf “°Ca beam on target with energies up to 310 MeV. The
sity, Spokane, WA 99258-0051. barrier region for the osmium system ranges from 180 to 230

Il. EXPERIMENTAL SETUP

A. Particle reactants
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MeV and for the platinum system ranges from 190 to 2400f the elastic scattering events in the primary fragment de-
MeV. The accelerators are capable of producing these enetector.
gies without additional stripping between the tandem and A second detector was used to detect the complementary
linac which allows for adequate beam intensities to obtairfragment of the fission fragment observed in the forward
data of sufficient statistical precision to permit determinationdetector. The choice for this instrument was a seven seg-
of barrier distributions. ment, totally depleted silicon surface barrier detector. Each
19205, isotopically enriched to 99.0%, was acquired fromsegment’s dimensions were 0.9 cm wide by 4 cm high. The
Oak Ridge Isotopes. Thin targets were produced upon carbdgfegments were separated by only 100 microns of effectively
backings at Argonne National Laboratory using this materialdead space. The detector then covered an active area of 6 cm
The osmium target thickness was @@/cm? and the carbon wide by 4 cm high. The sensitive thickness of the detector
backing thickness was 3mg/cm?. A self-supporting’®Pt ~ Was 300 microns, w_hich was more than ad_equate to com-
target made of 97.4% isotopically enriched material was acPl€tely stop any particles of interest. The typical alpha reso-
quired from Los Alamos National Laboratory. The thickness!ution of this device was 50 keV. Each strip was biased in-
of this target was 105.g/cm?. Target thicknesses of ap- d|V|dua!Iy, behaved and was trea_lted as a separate detector.
proximately 100ug/cm? were important to ensure that pro- The strip detector was mounted in the plane defined by the

jectile energy loss throughout the entire target was less thalyy'mary fragment getectqrr]gng E)h;f, bce)am. The an%u!ar posi-
1 MeV to yield good energy resolution of the data. A very tion was measured to within 0.03". Once mounted in posi-

thin target also ensures that no fission fragments are stoppé'&’n’ the strip d.EIeCtor was approximately 9 cm from the
in the target due to energy loss in the target material. target center. Since this detector was close to the target and

of such a large area, it was kept at backward angles and the
primary detector was placed at forward angles. In this way,
the elastic rate in the strip detector was kept relatively low to
An E-AE telescope was used to detect the primary, agprevent complications due to high rates. The low rate was
distinct from the complementary, fission fragment. Both thealso desired to minimize accidental coincidences and mini-
E andAE parts of this assembly were silicon surface barriermize radiation damage to the detector.
detectors. TheAE detectors used were planar, totally de- The conversion of number of fissions detected into an
pleted, silicon surface barrier detectors. These detectors habsolute differential cross section required a means of rela-
an active area of either 150 or 200 rAirand sensitive thick- tive normalization. The simplest method was to normalize to
nesses ranging from 32 to 39 microns. Theletectors used the well understood Rutherford scattering count rate. For this
were either totally depleted or partially depleted surface barpurpose, two monitor detectors were placed in the reaction
rier detectors. Their active areas were 200 frand the sen- plane at=12° to the beam. The detectors were mounted in
sitive thicknesses were all greater than 100 microns. Thedeolders which were affixed to the wall of the chamber and
detectors were mounted such that Eheetector was directly were immobile. The defining aperture for these detectors was
behind theAE detector so that any particle which penetrateda circular hole 5 mm in diameter. This aperture was located
through theAE would be detected by thE detector. An  63.5 cm away from the target. These detectors were either
angle defining tantalum collimator was placed in front of thepartially or totally depleted silicon surface barrier detectors.
telescope assembly to accurately define the solid angle tbhe active area was 25 nfmand the detector’s sensitivity
which the detector was exposed. The dimensions of this codepth was 100 microns or more which easily stopped all
limator were determined by the constraints set by theelastically scattered beam particles. The number of elastic
complementary fragment detector to best insure detection gfvents detected by these monitors was used to normalize the
the complementary fragment for each primary fission frag-cross section measurements. In addition, comparison of the
ment detected. To meet this requirement, a rectangular cotwo rates allowed for any horizontal offset of the beam po-
limator 0.70 cm wide and 1.1 cm high was used. This assensition on target to be determined.
bly was placed approximately 10.5 cm from the target on a A third monitor detector was placed at28° to the beam.
movable arm in the scattering chamber. The telescope wakhis detector’'s angle defining aperture was rectangular, 2.0
generally placed between 34° and 36° in the lab. mm wide and 9.4 mm high, and was positioned 66 cm from
The primary fragments were detected at forward angles sthe target position. The detector was a totally depleted sur-
that the complementary fragments would be detected dace barrier detector of active area greater than 150°mm
backward angles. As a result, the primary fragment detectoFhe detector's sensitive thickness was 100 microns or more.
encountered a relatively high flux of Rutherford scatteredThis detector was used to determine the beam energy by
particles. These events were of no interest so the primarlpoking at the centroid of the elastic scattering peak.
detector arrangement allowed for hardware veto of these
events to lower the counting rates and strain on the electron- lll. DATA ANALYSIS
ics. To provide for this veto, the thickness of th& detector
was chosen so that fission fragments, which are of higher
charge and of lower energy than the Rutherford elastics, A series of calibrations were performed preceding each
would be stopped in the detector while elastics penetratedeamtime availability. These calibrations were required to
through to theE detector. This feature allowed for the signal acquire information about the detector solid angles and the
from the E detector to be used to veto any correspondingenergy response of the detectors. Since the scattering cham-
event in theAE so that Rutherford events were never used ader used for this experiment is shared with other experimen-
event triggers. This setup allowed for a 99.9% effective vetdal groups, the detector setup had to be erected before and

B. Particle detectors

A. Pre-run calibrations
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dismantled after each run. As a result, these basic experimefrom others was to construct a two-dimensional plot with the
tal quantities were subject to change from setup to setup. energy of the fragment in the primary detectg,,, on the
Measurements were made of the dimensions of all detecrertical axis and the energy of the complementary fragment,
tor apertures and their distances from the target. These valu&s,,, on the horizontal. A separate plot was constructed for
allow for a calculation of the absolute solid angles with un-coincidences between the primary detector and each of the
certainties depending on the measurement of the distanceseven strips of the complementary detector, resulting in
Only the relative detector solid angles are required, ratheseven two-dimensional spectra. By forcing a similar energy
than the absolute values. These relative solid angles wemesponse for all segments of the complementary detector,
determined quite accurately by placing a radioactive alphahese seven plots could be summed, resulting in a two-
particle source at the target position and acquiring data untidlimensional spectrum displaying all coincident events. Fig-
the desired statistics were attained. A fairly active, /80, ure 1 displays such a spectrum.
24Am source was mounted into a standard target frame to The fission events, as outlined in Fig. 1, are located in the
insure proper placement at the target position. Using thigenter of the spectrum. The very well defined grouping of
source, the relative solid angles between the primary frageVents in the upper right-hand corner with the long, vertical,
ment detector and all three monitor detectors were easilflownward tail is the pulser signals which are used to correct
determined. The solid angle subtended by the complemed?r deadtime. The same pulser signal was put into the

tary fragment detectors were irrelevant to the determinatiofff€2Mps of both the primary detector and strip number seven
of the differential cross sections. It was only important thatOf the complimentary detector. The amplitude of the pulser

thi tector cover lar nouah solid anale t tect afygnal was chosen to significantly iso_latg thgse events frqm
s detector covered a large enough solid angle to detec athe other events of interest. A third distribution of events is

the complementary fragments. . .
Know?edge of t}r/1e e?]ergy response of the third monitorlocz.iteOI in the bottom rlgh_t-hand corner and extends_off the
detector was quite crucial. Since this detector’'s spectra wa; °“Z°”Fa' sca_le. This .th'rd group of events consists of
eeply inelastic scattering events where the targetlike prod-

used to determine the projectile energy, it must be carefull ) '
calibrated so that the absolute energy scale was known. Th ¢t recoils forward towards the primary detector and the pro-

calibration was performed using only the tandem acceleratdf%t'lel'ke product scatters to a backward enough angle to be

- ; .. observed in the complementary detector. The heavy target
which allowed for a high degree of accuracy and precision in coil stopped in the\E detector so that it could not be

beam energy, albeit at somewhat lower energies than thod€ , : . -
experimental data were taken with. A thin 19@/cm? natu- vetoed via electronic hardware like the elastically scattered
ral silver target was used to minimize energy spread in th(?eam' - - . .

target. The target angle was chosen to minimize energg As observe_d in Fig. 1, the f|_SS|on events are contained in
spread due to energy loss in the target. The projectile dlagongl e[l|pse, of sorts, with some length from the ex-
40Ca, was tuned through the tandem at the highest possibFéeme points In.the upper left of the spectra to th_e Iqwer “g.ht
terminal voltage. The most prominent charge state was se"’!nd a perpgndmular width. The length of .th|s d|str|but|.on. IS

lected and focused into the scattering chamber. Data Welrgpresentatwe of the varying mass splits for the fission

taken until sufficient statistics had been acquired to reIiabeventS' P_omts in the upper Ie_ft corner C(_)rrespo_nd to fls_S|on
events with a very asymmetric mass split, the light particle

extract the centroid of the elastic scattering peak in the en: . . ) X
ergy monitor detector. By taking into consideration energ)})emg detected in the primary detector and the heavy particle

loss in the target, energy loss in the detector window and the! the complementary detector. Points in the lower right part

kinematics of the scattering process, the energy of the SCB%:: the fission distribution are asymmetric mass splits with the

tered particles entering the detector was determined in eavy particle detected in the primary detector. Between

straightforward manner. The extracted centroid channe ese extremes I".a th? symmetric flssmn_ events. Th? width of
is elliptical distribution in the perpendicular direction was

number corresponded to this calculated energy. At this Samﬁetermined by the spread in total kinetic enerav of the fraa-
terminal voltage, there were several other charge states . y pread 9y 9
ments inherent to the fission process.

“Ca which exited the tandem. The energy difference be- The difficulty in delineating the fission events from other
tween these projectile charge states was quite well defined; . . R4 9 e
incidences is at the extremes of the distribution. The upper

the difference in energy between adjacent charge states Wﬁa%t corner of the fission distribution is quite well separated

simply the terminal voltage multiplied by one unit of charge. om other coincidences. The lower riaht cormer. however
Charge states nine, ten, eleven, and twelve were all intenét[-: ' . 9 S y
dppears to overlap somewhat with another distribution of

enough to get sufficient beam on target to acquire data in . ; . .
reasonable time. A straight line fit to these data was used garents. This interference is actually quite less than it appears
: n Fig. 1 due to the effects of summing the seven separate

the calibration curve. The assumption was made that an . : e
pectra. As a result of kinematics, these contaminating

pulse height defects would not significantly affect the linear- ents are onlv observed in the most forward strips of the
ity of the detector’s energy response at higher energies. The” y ved | w P

calibrated energy response of the detector was then extrapégrennﬁger;;gg%diﬁtterféo%gf ?o(rj\x:r(tjo dg?:cToargcgc’thrr:ei f';’ﬁg)?o
lated to higher energies. p

asymmetric mass splits with the light particle detected in the
primary detector, the upper left part of the fission distribu-
tion. There was really only one strip, strip number four,
When acquiring actual data, any coincidence between thehich contained both contaminant events and fission events
primary and complementary detectors represented a potential the lower right corner of the distribution. However, this
fission event. The best method of delineating fission eventiterference affected only a very few of the total fission

B. Fragment detection
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FIG. 1. Two-dimensional spectrum displaying
all coincident events in the primary and comple-
mentary detectors. The vertical axisEg;, and
the horizontal axis i€ ¢omp. This spectrum rep-
resents the sum of seven spectra correlating to the
seven different segments of the complementary
detector.

(arbitrary units)

Eprim

100 150

E comp (arbitrary units)

events. These few events were an even smaller percentage of C. Beam energy determination
the total fission events detected in all seven strips. As a re- 114 energy analyzing capabilities for the final beam en-

sult, by extracting the fission events from the seven separalggy of the linac in conjunction with the tandem accelerator
two-dimensional plots rather than t_he cumulative pIotZ ON&g only accurate to withint 1%. This accuracy was by no
could make a very clean delineation between the fissiog,eang acceptable given this experiment's requirements and
events and other coincidences. o . goals. The first alternative considered was to use the centroid
An experimental concern, in addition to distinguishing ot the elastic scattering peak in the monitor detectors at

fission events from other events coincident in th_e_ primary., 12 degrees. This approach proved fruitless due to unavoid-
and complementary detector, was the overall efficiency fopy e ragiation damage to these detectors resulting in a non-

detecting _the complementar_y fragments. Chara_cteris_ti(_:s niform energy response over the course of a run. The solu-
the experimental setup designed to address this efficiency

concern were the defining aperture of the primary detector,

the relatively close placement of the complementary detector 5o
to the target, and the large area complementary fragmenty,
detector which was used. Due to the much larger spread of§

the fragment distribution in the horizontal than the vertical § 40
direction, the primary concern was of missing fission frag- Lg
ments horizontally in either direction. The best measure of
these potentially missed events is to look at the actual distri- 3
bution of the coincident fission fragment events in the seven £
individual strips. The number of missed events was most3 -
likely smaller than the combined total number of events in 3
the most forward and most backward strips of the comple-

Distributions averaged over all Oct 94 Osmium data

Strip #1 is most forward

30

20

NI ENUSE EPEEE I B

mentary detector. Figure 2 displays a histogram of this dis- ¢ 10

tribution. The data shown is the result of averaging over all &

experimental data taken for the osmium system during two § I

weeks of beamtime. The extreme most forward and back-&‘: 0 . 2 3 . 5 s 7 s

ward detectors combined accounted for approximately two
percent of the total events. A negligible number of events, if
any, may have missed the detector at backward angles. We F|G. 2. Distribution of fission fragments in the complementary
estimate that less than one percent of the complementagetector coincident with fission events in the primary detector. The
fragments were forward or back of the strip detector. Mostseven bins correspond to the seven separate strips of the comple-
importantly, the efficiency of fragment detection should varymentary detector. Fragment angle increases with increasing strip
little as the projectile energy is varied over the barrier regionnumber.

Strip Number
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tion to this dilemma was to add the third monitor detector atalso calculated based on these angle and energy determina-
a more backward angle which would not be excessively rations. This differential cross section was associated with the
diation damaged over a multiweek period of exposure taletermined projectile energy at the center of target and an
beam. This technique appeared adequate until it was olangle® computed by converting the primary fragment de-
served that for several datasets at the same beam energy tieetor’'s lab angular location to the center-of-mass frame of
centroid appeared at a slightly lower channel number fothe fission fragments. A final correction was made for any
each successive dataset. In fact, over the course of a weekectronics or data acquisition system deadtime. This was
there seemed to be a significant shift towards lower energieslone by determining the ratio of the number of observed
This effect was caused by carbon buildup on the front angbulser events in the two-dimensional spectra and the actual
back of the target by the beam. Once a method of accountingumber of pulser events generated as counted by a scaler.
for this buildup was devised, the projectile energy at theThis ratio describes the total deadtime in the data acquisition
target center was determined quite accurately. The fact thaetup. Dividing the previously calculated differential cross
this technigue was sensitive enough to accurately observe thsection by this ratio yielded the true differential cross sec-
buildup on the target demonstrates the care which was takeion.
in precisely and accurately determining the different energies
over the course of the experiment.

The target of interest was exposed to beam for approxilV- MEASUREMENT OF FISSION FRAGMENT ANGULAR
mately eight hours at each bombarding energy. In addition, DISTRIBUTIONS

. . 2 .
data were taken using the thin, 1p@/cm* silver target for Before the differential cross section could be converted to

about six minutes at each energy, three minutes at the stattyqq) cross section, the full angular distribution of the fis-
and three at the end. Since the silver target was exposed gy fragments must be understood. To this end, two short
beam for such a short time, a negligible amount of buildup,ns \vere spent measuring the fission fragment angular dis-
was deposited on this target. As a result, there was no ol vion for the systen®Ca + 197Au. A gold target was
servable shift, over the course of the run, in the centroid ok osen pecause it is similar in mass to the targets of interest
the elastic scattering peak assomatec_i with the silver target,, 4 would allow for preserving the fragile, thin osmium and
These centroids were used to determine the actual bombarfir,inym targets. Gold targets of comparable thickness were
ing e.nerg3:1for ?]ach data pfo_mt. The cent_r0|d| from the energy, s available which makes this system quite analogous to
monitor when the target of interest was in place was used o gystems of particular interest. The previously discussed
determine the thickness of buildup which the beam traversed,.-aqure and analysis were carried out to determine the
This value was then used, in conjunction with the beam engjtterential cross section at several different angles, thus
ergy determined from the silver data, to find the proJeCt'lemapping out the fragment angular distribution.

energy at the center of the target. The energy loss corrections Angular distributions were measured at several different

were made using data taken from Rgt4]. The carbon onergies in the barrier region and also at one energy consid-
buildup on the osmium target ranged from an assuzmed INtidd aply above the barrier. A transition state model calculation
amount of 0.0ug/cm” to a final value of 35ug/cm” after ot he fragment angular distribution was then fitted to the

two weeks of beam exposure. Buildup upon the platinumy, herimental data. Figure 3 shows two experimental angular
target eventually reached a thickness of approximately 4Qisyiputions and the respective fitted curves. Also shown in

pglcm? over the course of several weeks of beam eXpOSUr&siy 3 are angular distributions at two different projectile
The targets were chosen to be quite thin, approximately 10Qhgrgies, 247 MeV and 222 MeV, both normalized to yield

nglem®, so that the range of energies at which the reactionne same integral when integrated over solid angle. The dot-
may have occurred was relatively small, less than 1 MeVie |ine represents an isotropic angular distribution which

The assumption was made that the cross section variggys heen normalized to yield also the same integral. There is
roughly linearly over this small range so that the measuredery jittle change in the angular distribution over the barrier
average cross section could be associated with the projecti|g gion. The ratio of the total cross section and the differential

energy at the center of the target. cross section at an angle near the point where the angular
distribution intersects a similarly normalized isotropic distri-

D. Differential cross section analysis bution changes even less. The calculated angular distribu-

The next step in the analysis was to determine the differfions which best fit the experimental results were used to

ential fusion cross sections. The differential fusion cross secdetermine this relationship between the total cross section

tions were calculated using E€L): and the differential cross section at a certain angle. On the
basis of these results, the differential cross sections were
do 1 Njss do AQvon Jsiss only measured at one angle, approximately 42° in the center-

m( Oem)= 2 Npy dQ Ruth( Oc.m AQ i Jrutn’ (D) of-mass frame, at each energy for the osmium and platinum
systems. This angle in the lab system was chosen because, at

The number of fission events and the number of elastithis angle, the ratio of the total fission cross section to the
events in the monitors were extracted from the data. Thelifferential cross section is quite insensitive to the anisot-
correct solid angle ratio was measured, as was the correodpy. The cross section at this angle was then converted into
angular location and projectile energy. These guantities wera total cross section value using the angular distribution
used to calculate the Jacobians for converting to the centesurves of Fig. 3. If the total cross section is plotted against
of-mass frame for both the fission events and the elasti@d/E, a straight line may be fit to the steepest sloped region
events. The elastic scattering differential cross section waand barrier information can be extracted using the coeffi-
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FIG. 3. Fission fragment angular distributions for the system Center of Mass Energy (MeV)

“0Ca+ ¥7Au at Ey, = 311 MeV andE,, = 233 MeV. The solid

lines show best fit transition model calculations which are used for 16 4. Fusion excitation functions and fusion barrier distribu-
conversion ofda/d{} to a total cross section. The third panel dis- {jons resulting from simple coupled channel calculations for the two
plays experimental results and corresponding best fits for the Sa“l%/stems“OCa 4 1920 1940t All three calculations include effects
system aky,, = 247 MeV andE, = 222 MeV both normalized 1o ¢ t5rqet static deformation, inelastic projectile state coupling, and
enclose the same area. The dotted line represents a properly N, neytron transfer from target to projectile ground-state coupling.
malized isotropic distribution. For the dot-dash curve, a standard value of 0.63 fm for the nuclear

. fthe best fit I Thi . f dfor th diffuseness is used while the dash curve represents calculations us-
cients of the best it line. This exercise was pertormed for t ang a value of 0.84 fm. The solid curve further includes coupling

two targets and vqlues of 1678 1,'5 MeV and 172.1+ 1.5 . associated with the transfer of two neutrons from target to projectile

MeV were determined for the height of the Coulomb barrieresyiting in an excited projectile state.

for the Os and Pt targets, respectively. These rough estimates

are in good agreement with the extracted barrier distributiong g calculations. The barrier distribution for the platinum

shown later in Fig. 5. system exhibits the most striking structure. This distribution

shows two distinct peaks which are separated more clearly

V. COMPARISON WITH CALCULATIONS than the same peaks in the distribution extracted from the

oupled channel calculations. This difference between the

rier distributions have been previously reported]. The wo barrier distributions implies that the barrier resolution is
results of basic coupled channels calculations, using the Coq:Eomewhat better in the experimental data. The resolution of

CCDEF[15], were also presented to help correlate features o e barrier distributions is reduced as a result of effects such
the experi,mental barrier distributions with known nuclear®S dlffer_en_tlatlng stepsize ar_1d qu_antal tunnellng. Wh”.e the

%fferentlatmg stepsize was identical for both distributions,
t

The fusion cross section measurements and extracted b

characteristics and couplings. The characteristic structur: . S .
e smearing due to tunneling in the calculations depends on

seen in the barrier distributions was attributed to the targe lear diff ter. O Id i
nuclear deformationquadrupole and hexadecapgleou- . € nuciear diuseness parameter. Une would expect increas-
ing the nuclear diffuseness to decrease the curvature of the

pling to the octupole state in the projectile and coupling to ab . X .
. arrier. This effect would make the barrier less penetrable,
very positiveQ-value transfer of two neutrons from target to reducing the smearing of the barrier distribution structure

projectile. While the calculations qualitatively agreed with . .
the experimentally determined barrier distribution shapesdue to quantum efiects. The penetration for the highest par-

the calculations significantly overpredicted fusion at energiegIal waves will also be reduced, resulting in a lowering of the

above the barrier and underpredicted fusion at energies b alculated fusion cross section at energies above the barrier.

low the barrier. The calculation also failed to reproduce the he decrease in barrier penetration would also be expected to

deepness of the valley between two peaks in the case of tﬂgduce the fusion cross section at energies below the barrier.
platinum target. Further calculations have been performed to Previous studies of barrier distributiofs2,18,19 found

explore the cause of these discrepancies between the d%p&reasmg _the huclear diffuseness |mproveq the agreement
and calculations. etween simple coupled channels calculations and experi-

mental data. If only the nuclear diffuseness is changed, the
height of the barrier will also shift. Since the height of the
barrier is fixed by the data, any change in the nuclear dif-
The extracted fusion barrier distributions are the besfuseness must also be accompanied by a change in the
source of clues to the cause of the disagreement between dataclear depth or radius to retain the correct barrier height.

A. Increasing the diffuseness of the nucleus-nucleus potential
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value of this reaction channel is greater thab MeV for
both systems. The flux of barriers at the lowest energies in
the calculations were correlated to coupling with these posi-
tive Q-value channels. The further inclusion of other positive
Q-value channels would be expected to account for part of
the discrepancy between the calculations and data.

The transfer of two neutrons from target to projectile re-
sulting in an excited projectile state, rather than the ground
state, may be expected to be of comparable, if not larger,
coupling strength. This channel would also have a quite posi-
tive Q value, although somewhat less positive than the trans-
fer populating the ground state. Figure 4 also displays the
results of calculations considering both the increased nuclear
diffuseness parameter and the inclusion of coupling with the
two neutron transfer to an excited state channel with a cou-
pling strength comparable to that used for the transfer to
ground-state channel, 2 MeV. The calculated fusion cross
section at energies above the barrier is not significantly af-
fected. The fusion cross section at energies below the barrier,
however, is dramatically affected as further enhancement of
up to several orders of magnitude is observed. The flux of
low energy barriers is seen to increase for both systems.

tions and fusion barrier distributions are compared with the results C. Final comparison between coupled channel calculations

of coupled channel calculations including all effects described in
the article. The dash fusion excitation curve represents a simple,

one-dimensional barrier penetration calculation.

Figure 4 compares coupled channel calculations with the d

fault nuclear diffusenes®=0.63 fm (dot-dash curve and
calculations with this parameter increased by 388ash

curve. A significant reduction of the fusion cross section at

and data

Increasing the nuclear diffuseness parameter and includ-
ing the effect of coupling to two neutron transfer to the pro-

é'gctile first excited state has drastically improved the overall

agreement between the calculations and the experimental
data. Figure 5 compares calculations with the fusion cross
section data and the extracted barrier distributions for both

systems. The calculations consider static deformation of the

energies above the barrier is apparent as is some decrease [

fusion at energies below the barrier. The smearing of th
barrier distribution structure is also slightly reduced, in
agreement with the experimental data. This effect is mos

Jarget shapéquadrupole and hexadecappleoupling to the
excited octupole state of the projectile, coupling to the trans-
Eﬁr of two neutrons from the target to projectile resulting in
i

e projectile ground state, and also two neutron transfer re-

clearly demonstrated by the narrowing in the width of the
main peak for each system. It should be noted that previou
fits to other fusion exciation functions and barrier distribu-
tions have also indicated a larger nuclear diffusenes
[19,16,11.

gulting in the first excited state in the projectile. These cal-
Culations are performed using a nuclear diffuseness param-
ter of 0.84 fm, about 33% above the default value. Identical
ransfer coupling strengths have been used for each system in
the calculations. A3 value of 0.225 has been used for the
octupole state in the calcium projectile. A coupling strength
of 1.8 MeV for the two neutron to ground-state transfer
While increasing the nuclear diffuseness parameter remehannel has been used for both systems. A strength of 2.2
edies some of the discrepancies between the data and calddeV was used for the two neutron transfer to excited state
lations, the calculations still clearly underestimate the fusiorchannel. Table | summarizes the parameters used for the
enhancement at energies below the barrier. The significammibupled channel calculations as well as literature values
contribution to the most subbarrier fusion enhancement wak20,21] of the deformation parameters for both systems. The
from inclusion of coupling to the quite positiv®-value calculations are in qualitative agreement with the data over
transfer of two neutrons from target to projectile. T@e the entire range of measured fusion cross sections. The ex-

B. Inclusion of additional transfer channel

TABLE I. Transfer channelQ values, transfer channel strengths, and deformation parameters used in
coupled channel calculations for the systefi€a + %20s, %Pt. Literature values for the deformation
parameters are listed in parentheses. In additig®(3 value of 0.225 was used for the octupole state in the
calcium projectile.

Nucl. B> Ba 2n Q (MeV) 2n F (MeV) 2n* Q (MeV) 2n* F (MeV)
190s  0.145(0.167 -0.01(-0.043 6.52 1.8 4.99 2.2
99t .0.150(-0.154 -0.039(-0.045 5.21 1.8 3.68 2.2




54 FUSION BARRIER DISTRIBUTIONS FOR HEAVY ION ... 3075

tracted fusion barrier distributions also agree quite well with VI. SUMMARY
regard to both shape and amplitude. While the agreement of
the calculations may be improved slightly by further fitting fu

exercises, the predominant features observed in the barI’IQ§4Pt has been designed and completed. A method of reliably

distributions and measured fusion cross sections have be%termining the projectile beam energy has also been de-

well accounted for within the simple coupled channels,;seq and shown to work. Fission fragment angular distribu-
framework assuming a constant coupling strength. tions for a similar system*Ca + %7Au, have been mea-

A question which we have not rigorously addressed is th&yred at several energies in the barrier region. These
possible effect of triaxiality and-soft vibrations of the tar- measurements have aided in the conversion of the differen-
get nuclei for the systems of this study. The targets are in th@al fusion cross section measurement at a single angle into a
shape transition region, a region in which the degree anebtal fusion cross section value. The resulting fusion excita-
effects of y-soft vibrations and triaxiality have been ex- tion functions for the two systems of interest have been used
plored. Baktaslet al.[22] have concluded that-soft models to extract the distribution of fusion barriers which have
have better or equal success compared to rigid triaxial modyielded significant information about the coupling processes
els in explaining their data for these transitional nuclei. Theinvolved in the fusion of the nuclei. A quite simple coupled
platinum system is more likely to exhibit any signature ofchannel code has been used to perform calculations which
these effects. Some work is being ddi®#3] to modify the are compared with the experimental results. The calculations
simple coupled channels code used for comparison with th@nd data compare quite well over the entire region of mea-
results of our study to include these possible gamma degreﬁyrement_ for both syste_:ms_ with rega(d to bot_h fusion excita-
of freedom effects. Preliminary results seem to indicate thation functions and distributions of fusion barrier.
inclusion of such effects may tend_to fill in _ the_va_lley_ ACKNOWLEDGMENTS
even more between the two peaks in the barrier distribution
for the platinum system which would not improve the agree- This work was supported in part by the U.S. Department
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