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A systematic study of reaction mechanisms at :r*2rmediate energies (50 - 100

MeV A) has been pertormed at the Lawrence Berkeley Laboratory's BeValac using
mecium weight projectiies on medium and heavy element targets. A gas and plastic
phoswich detector system was employed which gave large geometric coverage and
a wide dynamic response. The particles identified with the gas detectors could be
character-ized into three comporents - intermediate mass tragments (IMF). ficsion
tfragments (FF) and heavy residues (HR). Major observed features are the reactor
yields are similar in the 50 to 100 MeV A range. central colhsions have high
multiphcity ot IMF's with broad angular correlations consitent with a large participant
region, eflacts of final state Coulomb interactions are observed and qive mforation
on the size and temporal behavior of ' source. true fission yields are deoerndensr on
target fissiity and correlated w'thr relative'y periphoral collisions  Anatyse, ¢ b e
and evaporation yields :mplie. hnnting conditions for which fission decay ter e
viable deexcitation channe!

' INTRODUCTION

IMtermaediate energy reactions represent o transshion teaqion between e bygery
dissipative collective pnenomaena oboecrod at low energqies and the agelear oneloane
mterachon raguon observed at bagie encegie:, Such stadieg aler imeaagnt o e e e

from the mean beld dommatead togme e eted with radrtonal neteor oot o



reg,me which COS.Sis O @ mere spatai corre:;atien of essentary :naviCua "L e0ns
S:nce :his is a transitior reg:on. a wide var-ety of reaction p-oduc!s s opbta:~ec As a
collective deexcitation channe!. fission plays an important role in these .nvestqaors Dy
providing intormation on the statistical aspect of the reaction Various studes’ ™ nave
peen performea In this region studying the reaction channeis Genera: corc'usiors s”ow
a :arge yieid for products in the fission mass region and indication tor im:t:ing momentu™m
transfer for systems which lead to f'ssion decay At the ntermediate energes. where
the projectile nucleons are near the Fermi veiocity of bound nucteons. ortbutions ars
observed from both statistical ana nucleon-nucleon interacticn moaes in ou’
experments. fission 1s Jsed as the primary measure of the co ectve Toope atvu
behavior of the excited system. while erergetic NuCIeon emMISS:ON Drov: s o=l o0
or the initial stage collision process. In aadition to these decay channe s *~ere:sa a'qas
yield for the product.on of intermediate mass fragmenrts (IMF:  These presuaby carry
'nformation on the thermal and spatial prooerties of the source regiom™ ant pPoss.Diy O™
iquid vapor nuc'ear matter phase transition

2 EXPERIMENTAL

The experimental challenge taced in this tield i1s to be able to measure an extre™ey
wide range of interaction products with sufficient geometrical coverage tc obtan the
important correlations between decay products. Relatively slow movirg highly ionizing
tission products and target residues must be recorded simultaneously with low ionizing
'ntermediate mass fragments and even lower i0nizing hydrogen and henum 'sotopes
For this purpose we have designed a "logarithmic” array. which we have named the
"Pagoda”, consisting of gas and scintulator components (the system :s desctibed 'n more
detail in reference 6). Figure 1 presents a schematic diagram of the tinal cenhguration
used in the experniment. It consisted of eight gas cetector assemblies each ot which
covered 1 7 ®o ot 4 rt (totar = 13.5°. of 4 ©*. There were four active regions i each aqas
module The tirst was an 8 cm x 16 cm multiwire proportional counter (IMWPC) operated
" an "inverted Breskin"" conhguration It provided incident particle pcsition intormation
ithrough wires connected to tapped delay ine read outs) 1o an accuracy of better than !
mm and a fast tming signal { .- 400 psec FWHM). The second region was 4 proportiona!
counter that was operated in the same 2.5 Torr 1Isobutane gas envirornment as the
MWPC's It was electrnically isolated from the multiwires by thin aluminmized polvoropylene
windows (40-50 ugm:cm< coated with 10 ugm cm+< Al) and gave linear encrqy respon-ue
tor transversing ions having losses - 200 keV  The third was another MWPO 16 cm o«
1h e located 18 cm behind the first and provided similiyr position and tirmineg rogponse
ds the tront counter.  The fourth was a 20 cm deep omization chamber that waes isolated
trom the forward portions of the detector by a wire mesh suppo-ted 2200 ngm cme’
Auminized mylar foil The iomization chamber was operated with CI o the 50 300 Tor
range  Behind the tront six gas modutes was an array of phoswich detoctor. n ghe
hinal conhquiratron tas presented in Fig 1 there were Sdadentcal umts nn U 4arnaye,
behind the gas modules) each bemna o truncated pyranud that started GO e from thee
target posiion  The modules consisted of 1 mm fast (Bicron 3G 26 cmocow (e ian
RBC444) plastic whch were ophically coupled with ucite hght guoides 1o Amperes oX§?
U020 Bror Hamamatsu o8 S phototubes, The sy temowas capaable ob reson e
Nhycrogen Sotope hinee aned Lutteoontyy hack 1o stop OO0 MeV oprotoees o oew g fa



General Detector Layout Schematic Diagram of a Pagoda Module
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FIGURE 1.
Experimertal connhguration  Ai top view. Bi single Pagoda module detail

arrays were placed in a vacuum chamber wiich attached directly to the back of the on
chamber Thus for these modules. there was no additional window introduced and
particles having er.ergies in the 2 4 MeV A range would be detected in the tast prastic
The next two more backward gas modules were not in vacuum and were 1solated from
the :on chamber gas volume by a 0 9 mil mylar window This resulted in raising the
detection threshold for particles reaching the fast plasticto 6 7 MeV A

A torward phoswich hodoscope was also inclucded in the Pagoda system It conssted
o' & 5 x 7 array with the center clement removed for the exiting beam. Each wedqe:
shaped module had 1 mm tast 40 cm slow plastic regions and subtended 49 in both the: x
and y direction The total array had an anguiar coverage ranqe of * 2V 10V horizontally
and + 29 149 vertcally. The Hamamatsu phototubes (R580) were located inside the
torward vacuum wedge. The 40 em slow plastic reqgion was sufticiently thick to stop
prctons ol over 250 MeV

The andlog signals from all detector modules were processed and digitized using
commercially available electrorics  The CAMAC signals were interfaced via VPAE imto .
VAX computer system for online: monmitoning and long term magnetic tape recordine [
Addiion. voltages and gas pressures of detector modules wore continuously aigqitied and
momtored A total of 14 diterem tnigger types were used to mitiate the data wgaeation
nystem and up to 402 individual andalong saagnitls were available 1o be samploed an eae
event  The total processing time tor an event was o tanction of the namber of parameter,
recorded in the event. but tyoicially was 05 1 0 mes The beam mtensity w108 e
060 e spdl,and resulted m sy stem dead tmesson the arder of 30 The e,
wore Solf supporting maoetalhc toils having thicknesecot - meag eme’

The detecton systems were calibrated with a vanety of cadioactive soatces and teegpene,
Supphod from the L os Alamaos BN Gindem Van de Ciraalt Botholoy 8387 Cyctotrar e
HeVaae Ootine S adentifation i the phosawesc o detector, peomitted o ade g oogte s o)
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MWPC TOF ins) The average yield of light charged particies

measured in the phoswich detectors (for the
three indicated heavy reaction product types)

FIGURE 2 vs the angie of the detected heavy produc!
Two dimensional presentation of the tront The arrows on the right show the mean l:ght
proportional counter data correlated witn the particle multiphcities for the cases where two
transiting particles time of flight as obtained in  heavy products (IMF x FF or FF x FF. are
the MWPC's Areas of interest are identified. recorded in the gas detectors.

of the hodoscope elements and of the arrays behind the gas modules. The gas detectors
required a more concerted effort to obtain adequate calibrations. All gas units were gain
matched using a <=2<Ct spontaneous fission source. Instead of relying on range energy
loss codes. we have emnirically established matrices. based on our calibrations, tor
identitying the Z and E of tons transversing the gas detectors. Figure 2 presents the
proportional counter signal versus the particle time o* tlight between the MWPC'«, and
shows the system response for the higher ionizing particies.

3. RESULTS AND DISCUSSION

The data observed in the torward proportional counter (Fig 2) coud ber divided into
throe broad classes of products - mtermediate mass fragments (IME), hission frageeets,
b and heavy residues (HRY Comadence measurements betweoen these mueor
aroups with therselves and with ight charged particles provide intormatior or 9y
reaction processes  Figure 3 dfor the Nb o« Au reaction at /5 MeV A prospee
anquiar correlation for the hght charged particle (H and Hey multiphoty obsenzed ot
phoswich detectors ny comaeidence with cach ol the qroups Inall cases thee oyt tan
peak i the bean cnection  The yield for the multiphoty of hght pasticies oapprae e gy
A factor of two aroater tor those in comaidonce with the IME = than those wee i
HEYS  Thisaimphes aomore contra collision for the IME productor Tho eeawes o e g
of the higure indicate e multiphc e of ght charged particios m wineh toere oy N
brvry comodence of an IME ang i bE ot b b g a b Thoe b ey ey



evenrs are assoc:ated with sman 1gnt crarged particie MuitipiC.tes cons st wirn the
assumption of the moages* excitalion erergy ~at wou'd be deposited ir a more per:;phera
colns'on  However. the IMF-FF data shows a multipiicity approx:mate'y a tactor of three
:arger thar that for FF-FF cases. We believe that these coincidences are the resu't of
viorent coil'sions 'n which a residue :s 'eft in the fission product mass ranrge. but t-at *n-s
proguct 's not from a binary fission decay.

F:gure 4 gives additional information regarding the centrality of the reactions.

Tre data arz from the Nb + Au reaction at 50 MeV A and present observed correiations
between the heavy element groups in the gas detector system and the coincident charged
particle having the highest Z that i1s seen in the hodoscope. In the top portion of the
ngure. the three panels present the yield of the hodoscope Z,,,, distribution that is in
coincidence with single events of the three reaction components. For the IMF yield

itop middle panel' the distribution :s exponentially falling as Z increases - thus indicating
nard central collisions that leave little. it any. projectile residue. For the HR coincidence
(top rignt panel) the Z distribution peaks at some intermediate value and shows that
reactions leading to heavy residues are associated with intermediate reactions that still
preserve significant portions of the projectiie. The FF coincidences (top left panel) qive a
bimodal distribution of Z products in the hodoscope. Tt.e peak at high Z values is for
peripheral interactions in which the projectile remains largely intact. However. the
secondary peak associated with low Z values s the result of more violent collisions.

We believe. as discussed above. that these events should not be associated with true
binary fission. but are a resultant ot a more violent collision in which a residue 1s left in the
fission product mass range. The bottom portion of Figure 4 corroborates this assumption.
When we look at the Z yield associated with events in which two fission mass products
are recorded we see a correlation with only high Z yield in the hodoscope. These events
are exclusively associated with reactions in which a large portior: of the prcjectile remains
intact. The other two bottom panels show that if IMF's are in cuincidence with more heavy
element components the hodoscope Z yield 1s substantially decreased and. theretfore,
asscciated with more violent collisions.

The effect of bombarding energy on product yield in the gas counters for the Nb + Au
reactions 1s presented in Figure 5. The IMF yie!d i1s dominate. and has an integrated yield
corresponding to an = 8 barn cross sectnit  The main feature of note. however, Is the
relatively weak dependence of the yieids w:it' bombarding energy. From this we conclude
that the onset of IMF production occurs at bombarding energies below those we have
studied. If we look in detail at the tolding angles betwaen binary fission products
observed for the three Nb + Au reactions iFigure i3) we can obtain information on the
momentum transter associated with reactions which lead to hssion The mean folding
angle 1s seen to be increasing as the projectile energy 1s raised from 50 to 100 MaV A
This gives a mean momentum transter decrease trom 1 510 0.9 GeV ¢ with the
:ncreasing projectile energy. If we, as a simple approximation. ascribe the momentum
transter to the absorption of individual nucleons of the projectile, then the observed results
would be consistent with a most probable excitation energy of - 200 250 MV for aclen
tormaed i this reaction that undergo hission

T comeident binary product crosts sections twith the requirement that each product
as A A for the reaction e o Auat 100 Met A are presented o Bigare S an a banction
of e momentom parille! to the hoeam axis carmeed by the sune of both product Tree data
ave oany teatures consistont with those cocpocted ror noee g beraoe daog
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FIGURE 4 FIGURE 5
The ratio of coincident to singles spectra in The relative yields of the indicated heavy
the hodoscope for the indicated heavy element element reaction products for the
component vs the maximum charge measured Nb + Au reaction as a function of the
in a hodoscope elemen (see text discussion). projectile energy.

However, for the high parallel momentum transfer region the fragment center ot mass
energiesd are substantally above the Viola® systematics which may imply these are not
statistical decay fission products. For comparison purposes we have chosen to model
this data as If it were fissior. using a traditional and a more modern statistical approach.
The results of the twu models are also prasented in Fig 7. In both cases the initial stages
of the reaction are treated with the Yariv and Frankel intra nuclear cascade model'V.

In the first analysis, the products from the cascade are analyzed with the DFF!!
statistical decay code without considering angular momentum (see ret 8 for a more
detailed discussion). '1us very simple approach gives remarkably good agreement with
the experimental data. As a second approach. we have uced a more retined effort'~
It discards products from the cascade ralculation having residual excitation energies of
greater than 1 GeV on the grounds that these nuclei will not survive the tast cooling
process and still remain heavy enough to have appreciable tissility. The products out of
the cascace having excitation energies between 300 MeV and 1 GeV are cooled by fast
nucleon emission with an assumed local temperature of 15 MeV. For the tlustrauon
show.1 in Fig 10. these fast particles are assumed to remove the geometnical average
angular momentum (2 3 of the maximum value) trom the cooling nucleus  he 300 MeV
cut of 15 taken as a rough approximation to where statistical processes should begn At
this energy the neutron decay life time becomes comparable 10 the tansit time of



neutron o cross the nucleus. We believe at times shorter than this the system can not be
viewed as sequentially emitting part:.cles since there i1s insufficient ime for the emerg ng
particles to leave the nuclear volume. From 300 MeV to 150 MeV of excitatior energy
the system is allowed to statistically evaporate particles (explicitly keepi~3 track of the
angular momentum) using the PACE '3 code. In this excitation energy rarge fission i1s not
allowed to compete as a decay channel. This choice is made as a simple apprcach to
the dissipative and flow dynamic effects that establish minimum times for which fission
can siaustically comnete'4. Below 150 MeV. fission is allowed as a decay channe! in
PACE using the angular momentum dependent barriers of Sierk!3 (with the relative level
density parameters chosen to te as-a, = 1.03). This choice of parameters is consistent
with fiting known fission yields.

As seen in Fig 7, the simple model gives a much better fit to the experimental data.
We believe this is somewhat fortuitous since a number of known features important to the
fission decay process are not included (i.e. angular momentum and dissipative effects).
As discussed above. we also have some reason to doubt if the high parallel momentum
transter data are from statistical fissiors decay and, therefore. comparison with fission
models may not be justified in this region. We plan to continue our analysis and apply it
to the other data sets we have experimentally measured and will report on this at a future

date'2.
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FIGURE 6 FIGURE 7
The yeld ot coincident fission fragments vs The expenmental and calculiated twith two
the folding angle between the two fragments models) cross sections lor ission like binary
rratioed to the inclusive spectra lo remove docdy m the 100 MeV A Fe v Au reaction v
experimental geometrnical selections: 1o three the parallel momentum of the decayimnag
ditterent projectile energies in the Nb + Au species  See text for additionad detab,
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