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Heavy residue formation in 20 MeV/nucleon **’Au-2C and %’Au-2’Al collisions
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The vyields and velocity distributions of heavy residues and fission fragments from the reaction of 20
MeV/nucleon®’Au with *2C and ?’Al have been measured using the MSU A1200 fragment separator. The
mass and isotopic distributions of the reaction products are generally consistent with previously measured
radiochemical data. One observes, especially for the Alureaction, the production of very neutron deficient
nuclides, possibly including “new” nuclei. The heavy-residue velocity distributions can be resolved into
components due to fusionlike collisiofiscomplete fusiony /v ¢,=0.8) along with components due to more
peripheral interactions. Fusionlike events were observed that lead to near- and trans-gold species. The observed
mass and charge distributions of the fusionlike products, sorted by velocity, are compared with the results of
simulations usingPAce2 and GEMINI of the decay of the excited incomplete fusion products. The simulations,
while reproducing the general features of the data, predict residue distributions that are too neutron deficient
relative to the observed distributions. The observed yields of the trans-gold species are not predicted in the
simulations[S0556-281®8)00106-X]

PACS numbgs): 25.70.Mn, 25.70.Jj, 27.96b

[. INTRODUCTION ucts have similar velocities. For example, in 20 MeV/
nucleon *¥Au-'2C collisions, a 12% shift in velocity of the
We have known for some timgl,2] that the relative heavy reaction product corresponds to the entire range of
yields of the heavy residues, i.e., the large remnants of thinear momentum transfers, i.e., 0-100 %. The use of a high-

heavy member of an asymmetric reacting pair of nuclei infesolution detector to observe the projectilelike fragments

L . - ; . (PLF9 in inverse kinematics solves this problem.
creased with increasing projectile energy for intermediate Pioneering studies by Baziat al. [3], Faure-Ramstein

energy collisions. For _example, i#*C+Au collisions, the et al.[4], and Hanoldet al.[5] have shown the feasibility of
yields of the heavy residues increased from 3% of the reaGns approach in studying the heavy reaction products from
tion cross section at 20 MeV/nucleon to 50% at 86 MeV/k,+x and Xe+X mass asymmetric collisions at intermedi-
nucleon[l]. Thus an understanding of the processes that |eagte energies_ These workers were able to show the impor-
to the formation of these products is an important part oftance of incomplete fusion, deep inelastic, and quasielastic
understanding the dynamics of intermediate-energy collireactions in forming these products. However, certain ques-
sions. tions remain unresolved in these works. In the limited num-

Unfortunately, there are experimental difficulties in study-ber of cases where one could compare the isotopically re-
ing the formation of these nuclei in asymmetric reactionsSolved measurements to radiochemical data, there were
using “normal” kinematics. The energies of the residues ar{ubstantlal discrepanciéi$]. Since most of our detailed
low (~15 keV/nucleon1]) and the masses are large. Fre- nowledge about these residues has come from radiochemi-

. : cal measurements, these discrepancies raise the question of

quently experimental thresholds cause one to miss substa

! . N How well we understand heavy residue production in mass
tial portions (>50%) of the product distributionfd]. asymmetric collisions. In addition, there was no substantial
One can overcome the problem of detecting low fragmenissjon of the Xe- or Kr-like products in these studies with

energies by studying these asymmetric reactions in “inversenedium mass projectiles. While this simplification might be
kinematics,” i.e., bombard a low mass nucleus with a largeseen to be an advantage, one was not able to utilize the
mass nucleus. This “transformation of the rest frame” doesfission probe(which is sensitive to the initial primary prod-
however, create the problem that all the heavy reaction prodict’s spin to gain insight into the reaction processes as well
as not being able to study the fission-particle emission com-
petition at high excitation energies with isotopically resolved
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tos,” Athens, Greece. For these reasons, we undertook the study of the interac-
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France. study of the!®’Au+ 12C, ?’Al reactions. Our work is a direct
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The specific questions to be addressed in this work are the

following. (a) What are the detailed mass and charge distri- AT1200 Spectrometer with detector setup
butions of the residue@nd their higher momenitss a func- WACE

tion of residue velocitydb) Do the results of the inverse Supsrconducting / -

kinematical studies of residue formation agree with the ra- o e TEIN / amege
diochemical studies of the same phenomef@a®Vhat infor- N, TN it oy o) “‘
mation about the primary reaction mechanisms and/or the g 7 &4 WAGE 2 N\‘/T N e
deexcitation(by fission or particle emissigrof the primary 7 » omentum sits / *y::fﬁ A;y‘p/ AEWAEV/
heavy residue can be obtained from these data and a com,, e Y v prac N et

parison with predictions of current models for intermediate- =" ‘ Superdonducting

Dipoles

energy collisions?

The paper is organized as follows. In Sec. Il, a description F|G. 1. Schematic diagram of the A1200 spectrometer and the
of the experimental apparatus, the measurements, and tletector arrangement used in the study*JAu-induced reactions
data analysis is given. In Sec. Il yield distributions are pre-at 20 MeV/nucleon.
sented and compared with radiochemical measurements. . ]

Also the velocity distributions and the velocity-sorted yield Measurements of the A1200 dipole fields, was used to deter-
distributions are discussed. In Sec. IV, the results of the medDine the magnetic rigiditgp of the particles. Thus the re-
surements are compared to modern models of the deexcitgction products were characterized by an event-by-event
tion of hot heavy nuclei. Finally, conclusions from the Measurement ofiE/dx, E, time of flight, and magnetic ri-

present study are summarized in Sec. V. gidity. _
To cover a large range of fragments and their momentum

distributions, a series of measurements at overlapping mag-
netic rigidity settings of the spectrometer was performed.

A. Description of apparatus Normalization of beam current for data taken at different

settings was obtained with a set of four monitor detectors

mounted around the target position.

Il. EXPERIMENTAL

This experiment is a direct extension of the work of Ha-
nold et al. [5] (who studied the interaction of 26—50 MeV/
nucleon *°Xe with Be, C, and Al to the interaction of 20
MeV/nucleon **’Au with C and Al. Apart from certain de-
velopmentgoutlined below needed to treat the heavier pro-  The relation between the magnetic rigidity and the hori-
jectile, the experimental apparatus and methods are those pbntal position at the first dispersive image was calibrated by
Hanold et al. [5]. The reader is referred to that work and observing the position of the primary beam in various charge
previous descriptiong7] of the MSU A1200 fragment sepa- states as a function of the magnetic rigidity settings of the
rator and its operation for a detailed description of the exspectrometer. The magnetic rigidity resolutidall width at
perimental apparatus. half maximum(FWHM)] was better than 0.1%. The time-of-

The experiment was performed at the National Superconflight measurement with the scintillators resulted in a veloc-
ducting Cyclotron Laboratory at Michigan State University. ity resolution of about 0.8%.

A 20 MeV/nucleon ®/Au beam, produced by the K1200  The Si detector telescope was calibrated with a low inten-
cyclotron, interacted with?C and 2’Al targets of thickness sity °’Au primary beam and a series of analog beams
1.0 and 2.0 mg/crhy, respectively.(The target thicknesses (*?°Xe, ®*Mo, %*Fe, >*Cr, and?’Al) at 20 MeV/nucleon and
were such that the maximum energy loss of the beam imlso, with degraded scatteretf’Au particles (in various
traversing the target was 0.46 and 0.74 MeV/nuclg®@l)  charge states, present at several settings of the Ad20igh

The reaction products were analyzed using the A1200 fragprovided a calibration of the response of the Si detectors to
ment separatof7]. The A1200 was operated in a medium 14—-20 MeV/nucleont®’Au ions. The energy loss in each of
acceptance modgwith an angular acceptance of 0.8 msrthe two transmission detectord E; and AE,) was calcu-
(A6=20 mr, A¢=40 mn and a momentum acceptance of lated[6] and, knowing the initial energy, the energy depos-
3%)]. The primary beam struck the target at an angle of 0.84ted in the stopping ) detector was calculated.

relative to the optical axis of the spectrometer. In the me- The transmission detectors were calibrated by directly
dium acceptance mode, the A1200 has two intermediate digorrelating pulse height with energy loss using simple poly-
persive images and a final achromatic iméigeal plang. At  nomial functions. This calibration was adequate for the en-
the focal plane, the fragments were collected in a threeergy loss reconstruction of most of the events of intefsst
element AE,, AE,, E) Si surface barrier detector telescope.the Appendiy. For the stopping ) detector, pulse-height
The 300 mm Si detectors were 50, 50, and 4@0n thick,  defect(PHD) corrections were necessary to obtain an accu-
respectively. A schematic diagram of the spectrometer andate reconstruction of the residual energy of the particles. For
the detector arrangement is shown in Fig. 1. this purpose, we developed a simple procedure, based on

Time of flight was measured between two plastic scintil-Moulton’s formulation[8] and the calibration beam data,
lators of thicknesses 0.25 and 1.25 mglgmositioned at the  which is outlined in the Appendix. The measurement of the
first dispersive image and at the focal plane, respectivelytotal energyE,, of the particles entering the spectrometer
and separated by a distance of 14 m.)An Y position sen-  (obtained from the sum of the energies deposited in the Si
sitive parallel-plate avalanche count@®PAQ was used at detectors plus small corrections due to the presence of the
the first dispersive image to record the position of the reacscintillators and the PPAQshad an overall resolution
tion products. The horizontal position, along with NMR (FWHM) of approximately 2%.

B. Calibration procedures and data analysis
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The determination of the atomic numhémwas based on the first dispersive image of the A1200 creates an equilib-
the measurement of the energy loss of the particles in theum charge distribution for each ionic chargethat has
first transmission detector and their velocity. From Bethe’sbeen selected by the first pair of dipoles. Since the rigidity of
stopping power formula, the atomic number of an ion enterthe second pair of dipoles was not scanned for each setting of
ing a given material at a given velocity can be expressed age first pair, only a part of this distribution was accepted by
— the detector telescope at the focal plane. Specifically, the
Zxv VAE, (@) aperture of the detector and the dispersion of the spectrom-
wherew is the velocity of the ion entering the detector and eter were such that only one charge state of th|§ d_|str|but|on
AE the energy loss. Guided by E€L), we empirically ex- could be accepted. In order to account for the missing part of

pressed as a quadratic function of the produs{AE with this distribution, a correction factor was applied to the yield

velocity-dependent coefficients of e_ach bin of tthp vs velocity histggrgn{of evgryZ and
g bin). The equilibrium charge distribution for givefhand
Z=ay(v)+a,(v) vWwAE+ay(v)(vyAE)2. (2)  velocity was calculated according to Barenal. [9]. The

) ) resulting correction factors were on average about 4 for
In order to determine the functiomg(v), a;(v), andax(v)  heavy products and smallé2—3 for medium mass prod-
in the velocity range of interest, we used the data of Huberf, o Subsequently, for eved and g window, theBp vs

et al. [6] to obtain the coefficients of E¢2) for theZ range velocity histogram was converted into &nvs velocity his-

30-90 and in the energy range 1224 MeV/nucleon by aPfogram and properly normalized and combined for each

plying a least-squares fitting procedure at each energy, in o g N L

steps of 1 MeV/nucleon. Subsequently, the values of eacﬁ]agnzt'c r:glq;ty slgttln”g, re?tultnjgtm at(j|str|but|or:hm 9

coefficient at the various energies were fitted with polyno-"" and veloctty. Fnafly, atter integration over the lonic
chargeq, a distribution of the yield with respect & A, and

mial functions of velocity. The atomic numbgrof the par- . ) .
ticles was reconstructed from the measufeil andv using velocity was generated for each of the reactions studied.

Eq. (2) with a resulting resolutiofFWHM) of 0.9 Z units for The resolutions achieved in these measurementS’al

heavy residues and 02 units for fission fragments. fragmentation with respect @, A, g, and velocity(FWHM
The ionic chargeq of the particles entering the A1200 =0.9, 1.5, 0.9, 0.8 %, respectivelyre poorer than those

was obtained from the total enerdy, the initial velocity ~ obtained by Hanolet al. [5] for studies of***Xe at higher

and the magnetic rigidity according to the expression energies FWHM=0.36,0.35,0.28,0.5 % The lower resolu-
tion is due to the poorer time resolution in this experiment,

3.107 Eio and to problemgpoorer energy resolutigrassociated with
a= 931.5Bp(y—1) Vs 3 the detection of the Au-like fragments, as compared to the

Xe-like fragments. Also we wish to note that while all Si
where E,, is in MeV, Bp in Tm, B=v/c, and y=1/(1  detectors were operated at voltages that guaranteed deple-
— B?)Y2 The measurement of the ionic chamgéad a reso- tion, they could not be operated at their recommended oper-
lution of 0.9 q units for heavy residues and Opunits for  ating voltages because, at that voltage, they would undergo
fission fragments. Since the ionic charge must be an integean apparent “avalanching” discharge in response to Au-like
we assigned integer values qffor each event by putting fragments. The operating voltages had to be reduced to pre-
windows (Ag=1) on each peak of thg spectrum. Using vent this phenomenon.
these integeq values, along with the magnetic rigidity and  The observed yield distribution must be corrected for the
velocity measurements, the mas®f each ion was obtained limited angular acceptance of the spectrometer to provide

from the expression absolute production cross sections. Hanetdl. [5] made
this correction using an incomplete fusion-evaporation
_ Bp model calculation. We used the measured angular distribu-
A=d 3.1078y @ tions [10] of the heavy residues from the similar reaction of

20 MeV/nucleon'?*Xe with *2C and ?’Al to make the cor-

with an overall resolutioffFWHM) of about 1.5A units for  rection. Elemental cross sections of heavy residues Rith
heavy residues and 1.A units for fission fragments(lt =42-57 were obtained by integrating the angular distribu-
should be noted that this resolution is much better than théon of each element. Correction factors for the limited
resolution obtained by calculating the massisingE,; and  A1200 angular acceptance were determined for each element
velocity directly, sinceE,; alone has a resolution of 2.0%. from the fraction of its cross section that fell into the spec-

From the values oZ, g, A, andv determined on an trometer angular acceptance. To use these correction factors
event-by-event basis, the procedure outlined below was ager the heavy residues produced in the present Au-induced
plied to the data in order to extract physically interestingreactions, we assumed that the heavy residue angular distri-
distributions of the reaction products. For each data set at butions do not change appreciably with the change of the
given magnetic rigidity, bins of width Z unit were set on projectile from*?%e to **’Au and scaled the residue masses
the Z spectrum and for eacl bin, the corresponding relative to the corresponding projectile mass. The mass-
spectrum was obtained. For eaglpin and for everyg bin of  dependent correction factors for the absolute values of the
this Z, a two-dimensional histogram of the yield with respectheavy residue yields range from 1-2 fé¥’Au+1?C and
to Bp and velocity was constructed. 1-7 for Y%Au+27Al. The fission fragment yield correction

It should be noted that for a given elemehwith initial ~ factors were determined with a model calculation similar to
velocity v, the presence of the scintillator and the PPAC atthat used in Refl5].
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Because of well-known difficulties in measuring the ab-
solute beam intensities and correcting for transmission losses
in the A1200 spectrometéb,11] (leading to uncertainties of
factors of 2—100 in the absolute cross sectioms normal-
ized our measured nuclidic production cross sections for the
20 MeV/nucleon®®’Au+12C reaction to the known produc- &
tion cross sections determined in a threshold-free radio- [
chemical studyf12] of the 20 MeV/nucleon*?C+%/Au re- N
action. We did this using the ratio of the nonisomeric,
independent yield production cross sections measured by
Kudo et al.[12] to the values measured in this work for the
same nuclides. We have assumed the same normalization i RN -
factor for all products formed in thé®’Au+2’Al reaction. crvsbnnabinnboe bt bbb bbbt
This normalization factor has a value of 7 which is consistent 90 100 110 120 130 140 150 160 170 180 190 200 210
with previous work{5] in which large discrepancies between Mass Number A
the absolute cross sections deduced from A1200 measure-
ments and other work was found.

10

10 |- 1
Ill. RESULTS AND DISCUSSION

A. Cross sections

Velocity integrated yield distributions for the two reac-
tions studied in this work are shown ZsA contour plots in
Fig. 2. TheZ coordinate is given relative to the line of
beta-stability Z, which was taken asZ;=(113.029
-132.89 19)/2(0.71 A Y3+111.0368\ 1-132.8A 3 [13]. !
The centroids of the fission and residue distributions lie on - S Y
the neutron-deficient side of stability. Because complete AN \
scans of the spectrometer were not done for the fission frag- 90 100 110 120 130 140 150 160 170 180 190 200 210
ments, the light fission fragment distributions are not avail- Mass Number A
able. In the Aut+C reaction, the residue distributions are nar- _
row and well separated from the fission fragment 7FIG.l 2. (@ \_(leld of fragments from_the 20 M_eV/nucIeon
distributions while in the Ae-Al reaction, the residue distri- AU+ "“C reaction as a function d (relative to the line of beta
bution is broader. There is satisfactory agreement betweeH2P!ty Zg) andA. (b) same aga) except the reaction is 20 MeV/
the locus of the most probable primary fragment atomicnUCIeon Au+ AI.The short line segments in each plet represent
numberZ,, determined in previous radiochemical studies ofth.e most probable primary f_ragmeﬁt\_/alues as determined n ra-
similar reactiond12,7] (indicated by straight line segments diochemical studies of similar reactiofjs2,2). The dashed line
: . . . indicates the expectet], for relativistic nuclear collisiongl6]. The
in Fig. 2 and the Cerltreldsl of the yield contours. In the dotted line indicates tha values of the lightest known nucleus for
Au+C system, theZ distribution at constan shows two .-
peaks neaA~ 200, correspondin¢see belowto fusionlike
and peripheral collisions, a feature noted previo(i4]. The product mass distributions for the AC and Aut+Al

In Fig. 3, we show the isobaric yield distributions for the reactions appear to differ significantly. Qualitatively, this dif-
two reactions along with the results of radiochemical studiegerence might be expected to be due, in part, to the higher
[12,2] of similar reactions. The agreement between theexcitation energy and the more fissionable nature of the com-
shapes of the two measured mass distributions for th&C  posite species formed in the reaction with the Al target.
reaction is fair. The yields of fragments close ¥JAu are  However, we will show below that there are differences in
lower (by a factor of § in the A1200 data compared to the reaction mechanisms between these two systems. This differ-
radiochemical data, due to the loss of quasielastic productnce in apparent reaction mechanistas reflected in the
(in the spectrometer datavhich cannot be magnetically mass distributionsagrees with previous observations of the
separated from elastically scatterédAu nuclei. The spec- reaction of 26 and 34 MeV/nucleon Kr with C and [#l] and
trometer data indicate higher yields of the trans-gold speciethe reaction of 24 MeV/nucleoff®J with C and Si14] , but
than observed in the radiochemical data. Detailed numericalisagrees with observatiofis] of the interaction of 26 MeV/
simulations with the measured resolution functions show thisiucleon 12°Xe with C and Al where little difference was
effect is not due to the poorer resolution of the spectrometeobserved between using C or Al target nuclei. Comparison of
measurements. Similarly, the large discrepancies in yields ahese datdFig. 3) with the mass yield curve for the interac-
A=170-180 orA=125-145 for AurC appear to be real tion of 16 MeV/nucleon®?S with %’Au [2] shows the gross
and not the effect of resolution. One can say there is generalverall agreement in the comparisons between the radio-
qualitative agreement between the mass yield curves meahemical and spectrometer data. Of particular note in the
sured by the two techniques, but serious discrepancies exisiu+Al mass distribution is the fact that the maximum yield
in a quantitative comparison, which are only partly explainedof the goldlike fragments occurs & ~187, a shift of
by the limitations of the A1200 spectrometer. ~10 A units from the mass number of the gold nucleus.
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FIG. 4. Typical heavy residue charge distributions for the inter-
action of 20 MeV/nucleorf®’Au with *?C. The dashed curves and
open circles show the radiochemical dft&] for the inverse reac-
tion.

o (mb)

. The charge distributions from the AtAl reaction show
. similar trends to those noted for the AC reaction. The
Lo 8] widths of the AutAl distributions are, in general, broader
90 100 110 120 130 140 150 160 170 180 190 200 210 than those from the AuC reaction. For both the AtC and
Mass Number A Au+Al reactions, the shapes of the measured charge distri-
butions are Gaussian, vindicating a frequent but unverified
FIG. 3. The isobaric yield distributions for the reaction systemsassumption in radiochemical studies.
shown in Fig. 2. The solid and dashed curves refer to the radio- In Figs. 2, 3, and 5, we shovas dashed lingsthe ex-
chemical data cited in Fig. 2. pected most probable fragment atomic number, isobaric
yield distribution and charge distributions based on the sys-
This shift is not seen in studies of similar reactions at |0wegematics for the interaction Of. relativi_stic protons anq heavy
and higher energies and would, if confirmed in a measureo"'> [16] for the Au+Al reaction. This parametrization of

. X . Summerelet al.[16] does not describe the data of this work
ment that was more sensitive to quasielastic events, represen

an unusual drift or mass flow in the reaction adequately, as might be expected, since it is an empirical
; : . L compilation of data for higher energy reactions. The pre-
In Fig. 4, we show the isobaric charge distributions for ’ 9 9y P

. o o dictedZ, from the Summerer formulation is 1-2units too
Au+C reaction, while in Fig. 5 we show similar data for the P

) e n-rich for a givenA compared to the centroids of the ob-
Au-+Al reaction. Also shown in Fig. 4, are the data for the served distributiongFig. 2) and the mass yield curve does

radiochemical study of the €Au reaction. One notes the o show a simple exponential decrease from the target mass
rather complete character of the charge distributions with Up,ymber to lower mass numbers. It is also interesting to note
to 12 points spanning two or more orders of magnitude’per the proader charge distributions observed in this work com-
value compared to the 2—4 points typically measured in gared to the Summerer formulatiph6]. The differences are
radiochemical experiment. The charge distributions for thearger than one would expect on the basis of the spectrometer
trans-gold products are double humped for thetAureac-  resolution. They would suggest the fragmentation of heavy
tion, and (see below reflect contributions from peripheral nuclei at intermediate energies may be a more effective way
collisions Z~79) and fusionlike collisions4~ 82—83.In  to maken-deficient nuclei than nucleon- or nucleus-induced
comparing the spectrometer and radiochemical measurepallation reactions. This observation may be of importance
ments, we have not considered regioAs(195—-198 where  for new radioactive beam facilities.

the spectrometer resolution is inadequate to separate beamIn summary, there is fair agreement between previous ra-
and quasielastic events or radiochemical data that does ndtochemical measurements of the overall cross sections and
represent an “independent yield,” i.e., has no contributionthe present measurements. Some puzzling discrepafticees
from B-decay feeding. The agreement between the spectrontrans-gold yieldsexist. The spectrometer measurements and
eter measurements and the radiochemical data is consisteraditional radiochemical measurements are complementary
with previous comparisonfsl5] between radiochemical and with more detailed information such as the fragment veloci-
mass spectrometric measurements, apart from the previoudligs, being available in the spectrometer measurements, but
noted discrepancies in the yields of the trans-gold productsthe radiochemical measurements are threshold-free and

0.1 |-
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Atomic Number 7 The velocities corresponding to complete fusion, the projectile and

FIG. 5. Typical heavy residue charge distributions for the inter-80 percent momentum transfer followed by symmetric fission are

action of 20 MeV/nucleon'®Au with 27Al. The dashed curves Shown by arrows.

show the expected charge distributions for relativistic nuclear col-
lisions [16]. tions, without affecting their mean values. Consequently, the

average velocity of the observed heavy residues reflects the

sample the entire reaction rather than fragments being emitelocity of the excited nuclei formed in the primary interac-

ted within the limited solid angle of the spectrometer. tion stage] . _
To better resolve the various components of the velocity

spectra, we showWFig. 7) the mass resolved velocity distri-
) ) ) . butions as contour plots. The fission, incomplete fusion and
In Fig. 6, we show the invariant velocity spectra for all peripheral events are now clearly resolved for both reactions.
detected products for the two reactions studied. Three peakg the detailed expansion of the residue distributions shown
are observed in the AuC distribution. One peaknear the jn Fig. 8, we note that the fractional linear momentum trans-
velocity of the **/Au projectile) corresponds to peripheral fer (FLMT) for the fusionlike events is 0.80 and 0.83 for the
collisions while the second pedkith a velocity near that of  Ay+C and Au+Al reactions, respectively. These FLMT val-
the completely fused systeraorresponds to fusionlike col- yes are consistent with the systematics of linear momentum
lisions. The third peak occurs at a velocity corresponding tQransfer[17] and observations for similar reactiofis]. We
the addition Of the momenta Of half Of the I’eSidue f0||0Wing note that the FLMT Va|ues are a|so Consistent W|th pre_
incomplete fusion and the average momentum of a symmetgquilibrium calculationg19] for these reactions which give
ric fission fragment. With some imagination, the same thregzjyes of the FLMT of 0.82 and 0.80 for the A& and
peaks can be found in the AtAl velocity distributions.[To  Ay+Al reactions. This agreement encourages us to think the
make a clear connection between features of the heavy reShean number of pre-equilibrium particles agrees with pre-
due diStributionS in inVerse kinematiCS W|th those Observe(aictions_ These predictions Suggest an average pre_
in normal kinematics of asymmetric collisions, we note that.equilibrium emission of 1.8 neutrons and 0.4 protons for the
in inverse kinematics, complete fusion corresponds to &y+C reaction and 4.7 neutrons and 1.0 protons for the
minimum velocity of the composite system, whereas incom-ay+ Al reaction.
plete fusion and deep-inelastic/quasielastic collisions corre- Gjven the small, estimated number of pre-equilibrium
spond to progressively higher velocitigbut, of course, particles, we have estimated the properties of the primary
lower than that of the projectile velocityWe also note that, jncomplete fusionand peripheral collision produgtdy as-
the evaporation of nucleons or light particles from an excitedsuming binary kinematics as
nucleus is isotropic in the rest frame of the nucleus, thus
resulting in a broadening of the observed velocity distribu- Z1ce= Zpio]Vproj! Vices (5)

B. Velocity distributions—heavy residues
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sured the cross section for intermediate mass fragment
(IMF) emission in the reaction of 20 MeV/nucleon
FIG. 7. The mass-resolved velocity distributions for the reac- 14N+ 197Ay to be 127 mb, a value similar to the fusionlike
tions studied in this work. The definitions of the velocity markers residue cross sections, we conclude that a proper description
are the same as in Fig. 6 except a [{feF) corresponding to 80%  of residue production must include IMF formati¢a3]. If
momentum transfer has been added. one assumes aJ2 1 distribution ofJ values leading to resi-
due formation, these fusionlike residue cross sections can be

Aice=Apro}Vproj! Vice (6) used to estimate the spins and their dispersions for the pre-
cursors of the residues. The meduvalues deduced in this
Efor=E&Voro— Vice) (Vproi— Ver), (7y  way are similar(23% and 24) for the precursors of the

residues from fusionlike events for the AC and AutAl
reactions. These estimates of the properties of the primary
nonfissioning residue populations can be ugsdc. 1V) in
comparisons with models of these collisions.

One additional feature of th&-resolved velocity distribu-
. ) ) . tions (such as Figs. 7 and) 8vorthy of note is that the resi-
mary ErOdUCt nuclei following incomplete fusg:in a'® due mass number is not a good impact parameter trigger, as
saPOE/r=188.4 MeV, T=32 MeV) and &°Th  jtisin higher-energy collisions. One can observe, for a given
(Ejcr=345 MeV, T=4.2 MeV) for the two reactions. One mass number, a range of residue velocitigansferred mo-
can integrate the yield contours in Fig. 7 to get estimates ofnenta which indicate a range of impact parameters. This
the cross section for residue productionfuisionlike events  feature is consistent with Boltzmann-Uehling-Uhlenbeck
These cross sections are 300 and 80 mb, respectively, for tf{BUU) calculationd24] of residue properties in similar sys-
Au+C and Aut-Al systems. The former value for the fusion- tems at somewhat higher energies.
like residue cross section is similar to that fouf300 mb One can gain further insight into the impact parameter
for the reaction of 35 MeV/nucleon NAu [20]. These au- dependence of residue formation using the residue velocities
thors foundosgioi=1420 mb which agrees with the mea- to sort the data. To define a velocity scale that can be related
sured value of 1700 mb for thedCGAu reaction[12] and the  to impact parameter in a simple way, the velocities of the
estimate ofoision (1500 mb made by doubling the number residues were transformed in the moving frame of the pro-
of fission events seen in our data. If we assume the estimatgeictiie and were expressed as a fraction of the complete-
fission cross sectio(d500 mb is due primarily to fusionlike fusion velocity(in the projectile framg (In this definition of
events, we find for the AtiC reaction, a total cross section fractional velocityvg/vcg, commonly used in normal kine-
for fusionlike events of 1800 mb. This estimate is consistenmatics, complete fusion correspondsute/vcg=1, and pe-
with previous worl{20,21]. Since Wileet al.[22] have mea- ripheral collisions tawg/vcg=0.)

whereZ\cg, Acr, and EEg refer to the averag&, A, and
excitation energy of the primary residue following incom-
plete fusion. For complete fusiokg: = 208 and 401 MeV
for the Au+C and AutAl reactions. The “average” pri-
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FIG. 9. Heavy residue isobaric yield distributions sorted by resi- [12.2). y Y

due velocityv g expressed asg/vce. The curves are displaced for
viewing. The solid line shows the overall radiochemical mass dis-
tribution [12,2]. products have been observed in a recent radiochemical study
of the reaction of 10 MeV/nucleon-€Au and were satisfac-
The two-dimensionaZ vs A distributions of the heavy torily described by means of a Boltzmann master equation
residues were generated for five velocity intervals spanningpproach[25]. A satisfactory accounting for these events
the range ob /v from 0.0 to 1.0. Subsequently, for each (Sec. IV) represents a stringent test for models of residue
velocity interval, the isobaric yield distribution&igs. 9a) production. Also, as shown in Fig. 9 and observed previously
and 9b)] were created. From the isobaicdistributions of  [12], quasielastic processes are the primary source of the
the residues, the centroids and standard deviations were otfans-gold species.
tained(Figs. 10 and 1)L A cursory examination of the data ~ What is also remarkable about the data shown in Figs. 10
shown in Figs. 9—11 shows expected trends. As the transsnd 11 (especially for the Ad-Al reaction is the large
ferred momentum increases, the excitation energy of the priwidths of the charge distributionsr& 1.5) combined with
mary residues increases, leading to neutron emission th#te very neutron-deficient centroidZ { Z,=3-5 of the
produces residues that are more neutron deficient. Theharge distributions. In Fig. 2, we show the locations of the
widths of the secondary residue charge distributions alstightest known nuclei for each. (Many of these nuclei are
generally increase with increasing excitation energy of theknown to be short-lived proton emitterdVhile the resolu-
residue precursor. Where comparisons are possible for thieon of our measurements is not sufficient to establish the
Au+C reaction, the radiochemical measuremdrnt8] ap-  production of several “new” nuclei, the data do suggest that
pear to be in acceptable agreement with this work althouglntermediate-energy reactions, such as those studied in this
the assignment of events as fusionlike or quasielastic in thatork, could be important paths to the production of heavy,
work was arbitrary. nonspherical proton-rich nuclei and thus enable the study of
A very interesting feature of the fusionlike products barrier penetration and shell structure in heavy, deformed
(vr/vce~0.80) is the presence of heavy residues very clossystems. Specifically, one notéBig. 5 the production of
in charge and mass to the compound nucléét (E*=  species such as the known proton emif@8] 8Bi with a
208 MeV) (Figs. 9 and 1 These products have appreciable cross section of 8Qub compared to that measured for the
yields and are not due to tails of the yields of lower mass®Mo(°’Mo,pn)*®Bi reaction of 0.1ub. This suggests that
residues due to the resolution of the spectrometer. Similantermediate-energy reactions, such as those studied in this
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FIG. 11. The dependence of the Gaussian width paransetgron residue velocity and mass number. The solid lines indicate the data
from Refs.[12,2].

work, with their unusually large residue survival probabili- pose is whether we can understand what the average fission-
ties, may be viable alternatives to the traditional compoundng system was for the AuC and Aut-Al reactions. Infor-
nuclear reactions for producingrich nuclei. mation regarding this issue can be found in a plot of the
Comparison of the velocity-resolved data from thetATi  average fragment velocities vs the fragment mass number
and Aut+Al reactions shows a number of differences be-(Fig. 12). If we assume massive transfer and the validity of a
tween the two reactions. In the AlAl reaction, as the trans- simple pocket formula for fission fragment kinetic energies,
ferred momentunt(residue velocity increases, the average i.e.,
mass number of the surviving residue shifts to lower values
while in the Aut+C reaction, the average residue mass is
relatively insensitive to the transferred linear momentum.
The widths of the charge distributions are generally larger
for most velocity bins for the AttAl reaction compared to
the Au+C reaction, except for the fusionlike collision bin we can, using an iterative procedure, calculate the expected
(vr/vce~0.7-0.9) where the reverse is true. variation of the heavy fission fragment velocity with mass
The dependence of the charge distribution widths upomumber for a given initial momentum transfer. The “best
residue mass number shows some significant peaksli@4  fit” lines describing the results of this calculation are shown
for Au+C, etc). A careful examination of the data shows in Fig. 12. These calculations seem to describe the observa-
each of these “peaks” to be associated with a sharp changiéons adequately. The deduced value of the fractional linear
in the mean fragment atomic numbi@s A), indicating, we momentum transfer for the fissioning systems~i€.9 as
believe, a change in the primary residue formation mechacompared to the value of 0.8 seen for the residue precursors.
nism. This distinction between the primary reaction products that
fission or de-excite by particle emission is consistent with
previous observations for similar reactions.
Having established some confidence that we understand
As indicated above, an incomplete scan of the fissiorihe nature of the fissioning system in these reactions, we can
fragment distributions was made. However, it is interestingexamine theN/Z dependence of the heavy fission fragment
to see what we might learn from studying the heavy frag-yields (Fig. 2). As noted previously, the centroids of tEe
ment distributions we have. The first question that we mighgistributions aren deficient relative tg3 stability. The posi-

Z,2,€?

TKE= ————=
LYAT*+AY

()

C. Fission fragment distributions
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FIG. 12. Centroid and width of fission fragment velocity distributions as a function of fragment mass for the reaction of 20 MeV/nucleon
197aAu with (a) 12C and(b) 2’Al. The solid lines in the3 vs A distributions represent the expected trend for events involving 90% momentum
transfer before fission.

tions of the centroids are in fair agreement with those de- h
duced in a radiochemical study of the same reaction. <U§>: Mo (13)
An important feature of the fission process is the division
of nuclear charge between two fragments. Such charge dis-
tributions are frequently parametrized as having a Gaussian Data for thermal neutron-induced fission agree with this
form prescription[Eq. (11)] and(az> can thus be described as a

result of the zero point oscillations of a harmonic oscillator
in the charge equilibration mode. At higher temperatures, Eq.

1 —(Z2-2p)?
Y(2)= ex (2725 , (9) (10 becomes
(277) 1/20_5 20_%
whereay is the Gaussian width parameter alis the most (02)= (12)

probable primary fragment atomic number for a given iso-
baric series. In charge equilibration at fixed mass number,
the N/Z mode is commonly described as a harmonic oscillain model-independent language, the variance of the fission
tor having a phonon energyw with the charge variance charge distribution is a function of the isospin correlations in

being described as the nuclear ground state and their behavior with increasing
temperature.
1 [bo ho Very few high-resolution measurements of the fission
(0%)y=—| —+—|, (10)  charge distributions exist at well characterized higher tem-
M 2\ 2 eﬁw/T_l X _ .
peratures so that the relationship between the variance for the

charge distribution and the nuclear excitation enegy.
whereM is the inertia parameter of tHé¢/Z mode andTl is  (12)] has not been characterized experimentally in a satisfac-
the temperature. At low temperatures typical of thermal neutory manner. Radiochemical measurements of the fragment
tron induced fission, Eq10) becomes charge distributions are difficult because of the lack of “in-
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we can calculate, using E¢LO), expected values dio3) for
these two systems. The results of that calculatieig. 14
. indicate the observed variance of the charge distributions ex-
T ceeds that expected using a model of a time-dependent har-
) monic oscillator in the charge equilibration mode. Such ob-
Lly servations have been made at lower temperatures, but this
7 observation represents one of the first for a well-
characterized system at higher temperatures.

Normalized Cross Section (mb)

FIG. 13. The fission fragment charge distributions for the stud-
ied reactions. The solid line shows the best fit to the data assuming V. RESIDUES FROM FUSIONLIKE COLLISIONS

a Gaussian charge distribution. The dashed line shows the expected

charge distribution for the thermal model described in the text. The ability to isolate and study the properties of the heavy

residues from fusionlike collisions offers us the opportunity
to test our ability to understand the de-excitation of highly
dependent yield” radionuclide&@llowing the measurement excited heavy nuclei. Because the entrance channel processes
of primary fragment yields without intervening decay. should be relatively well understoddnd thus the character
The present data may offer a unique opportunity to studyf the primary product distribution we can be reasonably
this problem. The resolution of the A1200 fragment separasure that we are testing our understanding of the de-
tor, the dominance of fusionlike collisions, and the associaexcitation processes only when comparing the observations
tion of the fissioning nuclei with specific FLMT values al- to simulations of the collisions.
lows one to test the harmonic oscillator model or other The observed secondary product distributions are the re-
models of charge equilibration. The fission fragment chargeult of the initial nuclear encounter, followed by the de-
distributions are shown in Fig. 13. As found in the radio- excitation of the primary reaction products by fission or par-
chemical studies, all yields can be plotted on a single Gausgicle emission. To simulate the de-excitation of the primary
ian curve with the best fit value of the varianqeZ) being  reaction products, we have used two different computer

1.2. If we assume that the phonon energy of the deformegodes that treat the statistical de-excitation of nuctege2
fissioning system is given as [28] and GEMINI [29]. PACE2 is based on the Hauser-

Feshbach formalism for the statistical de-excitation of nuclei.

It uses Monte Carlo methods to follow the multistep de-

excitation. The fission widths are calculated using Bohr-

~————(MeV) (13 Wheeler expressions for level densities in the fission transi-

AYP+ASR tion nucleus and rotating liquid drop model barrigzgMINI

uses Monte Carlo techniques and the Hauser-Feshbach for-

malism to calculate the probabilities of emitting particles

and that the stiffnesM w? is given as with Z< 2. Heavier fragments and fission fragment emis-

fiw
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sion probabilities are calculated using a transition state for-

malism of Moretto[30].

In addition, GEMINI allows one to simulate the effect of
several recent advances in our understanding of the decay of
hot, heavy nuclei. One can introduce a fission delay time and
its variance, a reduced fission width due to viscous diffusion
towards the saddle poirithe Kramers factgr the fading of
temperature-

shell corrections with excitation energy,
dependent level density parameters, etc.

For our calculations witlPACE2, we have used relatively
standard values of the relevant parameters'4,=1.00, a
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=A/11) and have not assumed any retardation of fission due
to a “fission delay” at high excitation energies. However,

we did note, using the traceback feature of the code, that for
the cases treated, fission occurred relatively late in the evapo-
ration chain E* ~135 MeV) which may be the functional

equivalent of a fission delay.

In the GEMINI calculations, we

lationships[32]
Y
rozgln(lOEbar/T),

1—‘ Kramers

FBohr “Wheeler ( v 1+ 7 o ’}/)

to give the best fit to the ratio dfission/residugformation
probability. In these equations the assault frequesacyas

taken asr <107 s

We have used the ICF modedee Sec. I)l to give us the
initial primary product distribution to de-excite with both

used Lestone'’s ™
temperature-dependent level density parani&g}; a fading &
of the shell corrections with excitation energy, enabled IMF
emission, and allowed for a retardation of the fission process.

For each simulation, we self-consistently varied the fission

delay timer, and the Kramers width' ™" using the re-

-
o

180 180
Fregment Mess Number A

200

1974, 4 12¢

. =GEMINI

eData 1
APACEZ2 |

=mO = NN O
T T

-2
Q

(15) 1000.00

180 190
Fragment Mass Number A

200

210

100.00 |

(16) 10.00 |

1.00 |

Cross Section (mb)

0.10 |

0.01

197,y 4+ 270

o™i
oo'o’k?“"c.‘,\‘

160

de-excitation codes. The results of these simulations are

shown in Fig. 15.

Without any adjustment, theacE2 simulations gave the

approximately correct residue to fission ratio for fusionlike
events.[The observed residue survival probabilities were
0.16 (300 mb for the Au+C reaction and 0.180 mb for
the Au+Al reaction while the simulation predicted 0.1830
mb) and 0.14(60 mb for the Au+-C and Auw+-Al reactions,

respectively}

For the Aut+C reaction, the predicted peak of the mass
distribution occurs~7 mass units below the observed peak
and the predicted distribution is much narrower than the
measured one. Theace2 simulations miss the locus of the
measuredZ, function by ~0.5 Z units, predicting too

o
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n-deficient residues although they do generally reproduce the
neutron-deficient character of the observed residues. The pre- FiG. 15. Comparison of the calculated and measured mass dis-
dicted yields of the trans-gold nuclei are simply negligible tributions andz,, functions for the Au-C and AutAl reactions for

compared to the data. For the Al reaction, there is a

better match between the predicted and measured values of
the mass distribution peak, although both the predicted widtlhem). The failure of a standard statistical model for fusion-
and extent of the distribution is far smaller than observedike collisions to predict the production of these nuclei has

(although the width of the predictef distribution for the Al

fusionlike events

170

180 190
Fregment Mess Number A

been noted previousij12].

200 210

target is substantially larger than that predicted for the C Perhaps it should be noted ag#mat for fusionlike events
target due to the larger excitation energies in the former sySvg/vcy = 0.7-0.9, the data show significant yields of
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near- and trans-gold products. It is hard to understand how N B L L L S
these nuclei are formed. Simply put, each captured projectile  —~ 1400 F
nucleon brings in more energy than the energy necessary to
remove it and perhaps another nucleon. While the formation
of trans-gold products in quasielastic collisions is under-
standable, their observation in fusionlike collisions can only
be due to very unusual de-excitation modes of the primary
fragments.

As discussed earlier, in tr@EMINI simulations, the fission
retardation via the Kramers factor and the fission delay time ;
[Egs.(15) and(16)] were varied to give a fit to the observed 00' s 'M'JO' " '2(')0' o '3(')0' t '4(')0' — '550' = ‘e(l)ol e '7—'00
residue survival probability for fusionlike collisions. For the Pulse Height (Channel Number)

Au+C reaction, the nuclear friction coefficiemtwas found &

to be 35 (p=460x 10" 2 s) while for the Au+Al reaction,

y was found to be 207, =250x 10 2! s). The lower value
of v for the AutAl reaction is noted to be 0.57 of for
the Aut+C reaction, which is approximately the ratio of
3.22/4.22, the ratio of the inverse squares of the nuclear tem-
peratures of the compound systems. This dependeng@nf
1/T? is consistent with expectatioi83] that at some higher
temperature T~ 2 MeV), the dissipation should go from
primarily one-body dissipatiotwhere y~T or T?) to two-
body dissipation where/~1/T?.

However reassuring the deduced values of the nuclear
friction coefficients are, one se€Big. 15 that the GEMINI
simulations are not in very good agreement with the obser-
vations. The peak in the residue mass distribution is 5410
:anlrtr;sol;ré)rtr;];f;eébjﬁiré e(rjngfealri:St?otr:]edgﬁé?;#??:;:iagnob- for the “stoppi_ng” (E)_detector. The filled circles indicate the re-

o - -, sponse to Au ions while the other symbols refer to the response to
served distribution. It appears that despite the more sophistj-

ted phvsics b for thee de. th . other ions. The straight line represents the detector response to
cated pnysics base for MINI code, there IS no corre- o, pyp particlegsee text (b) A plot of the pulse-height defect

sponding increased ability to understand the observations QbHD) vs deposited energy for the stopping detector. The symbols

this Work'. o . have the same meaning as (@. The various lines represent the
The failure of standard statistical model calculations topregictions of Moulton’s formula.

correctly describe the characteristics of the heavy residues

from well characterized heavy systems has been seen befofermation of very neutron-deficient species, possibly involv-
Studied 34] using thesHir velocity separator to measure the ing “unknown” nuclei. The large production cross sections
heavy evaporation residues from collisions at 5—-15 MeV/measured in this work suggest a new approach for studying
nucleon also found significant differences between statisticdteavy proton-rich nuclei. The fission fragment charge distri-
model predictiongusing the codeilvAP) and observations. butions have variances that exceed those expected from
Fusionlike processes in the reaction’dN with 2’Th at 30  models involving a time-dependent harmonic oscillator in
MeV/nucleon[21] were not properly described by a variety the charge equilibration mode. Models of the statistical de-
of reaction models. excitation of hot, heavy nuclei seem to describe the overall
features of the data for fusionlike collisions, although some
discrepancies between the models and between the models
and the data exist.

The present study shows there is acceptable agreement
between previous radiochemical studies and the present ACKNOWLEDGMENTS
work, although the radiochemical studies are clearly superior

for purposes of measuring cross sections as they vyiel We gratefully acknowledge the support of the A1200
purp 9 hey y roup and operations staff of Michigan State University dur-
threshold-free, absolute measurements. The principal ne

finding of this study is the observation of fusionlike events g the measurements and the help of L. Hart in the analysis

leading to near- and trans-gold species. These observatio of the data. Financial support for this work was given, in
while hinted at in previous radiochemical studid®], are rEart, by the U.S. Department of Energy under Grant Nos,

clearly established by the simultaneous observation oZthe DE-FG06-88ER404042, DE-FGO3-97ER41026, and Con-

. . .~ tract No. DE-ACO03-76SF00098, and the National Science
A, and velocity of the residuda feature not generally avail- Foundation under Grant No. PHY-95-28844

able from radiochemical measuremegni&hese heavy, “hard
collision” products are not predicted to have significant
yields in fusionlike collisions by applicable models for in-
complete fusion. Another new finding of some significance is In this section, the procedure developed to obtain pulse-
the observation, especially for the AWl reaction, of the height-defect(PHD) corrections for very-heavy ions in the

MeV
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FIG. 16. (a) Deposited energy versus pulse-height correlation

V. CONCLUSIONS

APPENDIX: PULSE HEIGHT DEFECT CORRECTION
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stopping E) detector is described. For lack of an appropriatewherea is the slope ant is they intercept of the plot of log
parametrization of PHD at medium energies, we followedPHD vs logE. The slopea was taken to be that of Moulton’s
the low-energy formalism of Moultof8]. A plot of depos-  prescription:

ited energy versus pulse height for this detector is presented

in Fig. 16a). To define the response of the detector to zero- z?

PHD particles we used the measured energy versus pulse- a(2)=0.0223G 55+ 0.5682. (A2)
height response of the lighter of the calibration particles

(Al 54_':9’ *Cn me}king zero or small corrections for their  gjng these equations and the measured PHD of the cali-
PHD using Moulton’s formulas. A straight line was fitted t0 |yati0n fions, values of the interceptwere calculated and
these points and was assumed to represent the detector ¥graq as a function of by the equation

sponse curve to zero-PHD patrticles. PHD’s for the heavy-
ions were calculated with respect to this calibration line. 100 100\ 2

The relation of the deduced PHD values to the deposited b(Z)=0.473- 0,2932—+o_0133% —) . (A3)
energy of the calibration ions is presented in a log-log plot in Z Z
Fig. 16b). The PHD curves predicted by Moulton’s formu- ,
las are also displayed for these ions and lie below the PHD A PHD analysis was not necessary for the energy-loss
values extracted with the present procedure. For example, @@libration of the transmission detectordK,,AE;) for
197y jon depositing 1400 MeV in the detector, has a PHDMOSt of the events Qf mteres(tThls is consistent with the
of 230 MeV according to our procedure, whereas Moulton’snotion that pulse height defect is an “end of range” phe-
formulas give 134 MeV(Recall that Moulton’s formulas are "omenon related to the ionization density in the detecks.
based on measurements of very low-energy heavy ionglready mentloned. in Sec. Il, a direct correlation of energy
whereas energies deposited in the detector in the preselss With pulse height was adequate for the energy-loss re-
measurements are 510 times high&s seen in Fig. 1), construction. Howe_ve_r, this was not true for the response of
the relation of measured PHD versus energy for tiau  the second transmission detectdri) to the slowest par-
ions is linear(in the log-log plo} with slope approximately ~ficles observedi/A~14 MeV) which were almost stopping
equal to that given by Moulton. We thus decided to expresd? this detector. For these events, a PHD correction proce-

the PHD with a simple exponential: dure similar to the one described for tiie detector was
applied in which, the parametérwas expressed as a func-
PHD=10PE?, (Al) tion of the fractional velocity change through this detector.
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