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ABSTRACT

Title of the Dissertation: MASS AND CHARGE DISTRIBUTIONS IN

CttLORINE-INDUCED NUCLEAR REACTIONS

Alfredo Atilio Marchetti, Doctor of Philosophy, 1991

Dissertation directed by: Alice C. Mignerey, Professor of Chemistry

Department of Chemistry and Biochemistry

Projectile-likefragmentsweredetectedandcharacterizedintermsofA,Z,mad

energyforthereactions37CIon40Caand209BiatE/A = 7.3MeV, and35CIon209Bi

atE/A = 15MeV, atanglesclosetothegrazingangle.Mass andchargedistributions

weregeneratedintheN-Z planeasafunctionofenergyloss,andhavebeen

pararneterizedintermsoftheircentroids,variances,andcoefficientsofcorrelation.

Therewas anattempttomeasurelight-chargedparticlesincoincidencewithprojcctilc-

likefragmentsforthereaction35CIon209Bi,buttheresultswerenotconclusive.

Due toexperimentalproblems,themassresolutioncorrespondingtothe35CIon

209Bireactionwasverypoor.Thispromptedthestudyandapplicationofa

dcconvolutiontechniqueforpeakenhancement.

The driftsofthechargeandmasscentroidsforthesystem37CIon40Caarc

consistentwithaprocessofmassandchargeequilibrationmediatedbynucleon

exchangebetweenthetwopartners,followedbyevaporation.The asymmetric

systemsshow astrong&ifttowardslargerasymmetry,withtheproductionof

neutron-richnuclei.Itwas concludedthatthisisindicativeofanettransferof

protonsfromthelighttotheheavypartner,andanetflowofneutronsintheopposite

direction.Thevariancesforallsystemsincreasewithenergyloss,asitwouldbe

expectedfromanucleonexchangemechanism.However,thevariancesforthe

reaction37CIon4°Caarehigherthanthoseexpectedfromthatmechanism.The



coefficients of correlation indicate that the transfer of nucleons between projectile and

target is correlated, as expected from Q-value constraints to the valley of 13-stability.

The results were compared to the predictions of two current models based on

a stochastic nucleon exchange mechanism. In general, the comparisons between

experimental and predicted variances support this mechanism. However, the need for

more realistic driving forces in the model calculations is indicated by the disagreement

between predicted and experimental centroids.
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CHAPTER I INTRODUCTION

The studyoftheproductsformedduringthecollisionsbetweencomplex

nucleiprovideaformidabletooltoinvestigatethepropertiesofnuclearmatter.These

productsarcasignatureofthemechanismsofinteracti,onbetweenthenucleiduring

thecollision.Themechanismsofheavy-ionreactionshavea strongdependenceon

thekineticenergyoftheincomingprojectileandthedistancebetweenthecentersof

theprojectileandtarget,known astheimpactparameter.By theirnature,these

reactionscaninvolvelargetransfersofenergy,mass,andangularmomentum.

Dependingontheamountofrelativekineticenergyavailable,differentexcitationsand

densitiesofnuclearmattercanbeachieved.The observationofphasetransitionsin

nuclearmattermay berealizedinthelaboratory.Furthermore,theproductionofnew

statesofmatter(quark-gluonplasma)isexpectedatultrarelativisticenergies.Overall,

thestudyofnuclearmatterunderextremeconditionsandthepossibilityofnew

collectivephenomenaareveryuniquefeaturesofheavy-ionreactions.A simple

schematicrepresentationofthedifferentpossiblemechanismsasafunctionof

bombardingenergyandimpactparameterisshown inFigureI.I.

Consideringthenucleusasa totallydegenerateFermigas,theenergy

correspondingtothemaximum nucleonmomentum isapproximately37MeV. At

energiesaroundtheCoulombbarrieranddependingontheimpactparameter,only

oneortwo heavynucleiareobservedintheexitchannels.Sincetherelativekinetic

energypernucleonismuch smallerthan37MeV onimpact,thenucleiremain

practicallydegenerateandcollisionsbetweennucleonsareforbiddenby thePauli

exclusionprinciple.Therefore,themechanisminthisenergyregimecanbedescribed

bysingleparticleinteractionswitha mean field,andisreferredasone-body



Figure 1.1

Schematic representation of heavy-ion reaction mechanisms as a function of

bombarding energy and impact parameter.
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dissipation. The products are mostly a reflection of the forces generated by the

combined potential of the two nuclei at different impact parameters.

As the energy increases, heavy-ion reactions occur with the production of

three or more heavy fragments. Because of the larger amounts of energy available,

the reaction becomes more violent and less sensitive to the details of the combined

potential. Interactions between nucleons became important as the number of available

states increases and the degeneracy decreases (two-body dissipation). Basically, the

projectile cuts through the target generating a "hot fragment" and one or two more or

less "cold fragments". Finally, as the energy increases even more, relativistic effects

become important. The nuclear potential has practically no effect at such large kinetic

energies, and the interaction during the collision becomes mainly nucleon-nucleon in

nature.

The reactions studied here belong to the low energy regime, which roughly

correspondstobombardingenergiesof~ 5 to20MeV pcrnucleon.Atenergiesnear

theCoulombbarrier,twoextrememechanismswererecognized:directreactionsand

compound nucleusformation.Directreactionsrefertotheonesteptransferofoneor

afewnucleonsand occuratimpactparameterscorrespondingtograzingtrajectories.

Attheotherextreme,compoundnucleusformationoccursatlowimpactparameters

(morecentralcollisions).Itrepresentsthefusionoftheprojectileandtargettoform

onenucleuswhosesubsequentdecayhasno memory oftheentrancechannel.Inthis

case,allthecenter-of-masskineticenergyistransformedintoreactionQ-valueand

excitationenergy.ExceptforthepioneeringworkbyKaufmannandWolfgang

around1960[KAU 6I],itwasnotuntiltheearlyseventiesthatadifferenttypeof

mechanismwas realizedforthesereactions.Thereareseveralnamesforthisprocess:

deep-inelasticcollisions,damped collisions,dissipativecollisions,etc.Mostofthem



are associated with the idea of large transfers of kinetic energy into internal excitation

of the reaction products.

I.A DEEP-INELASTIC COLLISIONS

The characteristics of deep inelastic collisions have been reviewed extensively

in the literature [FRE 84, GOB 80, LEF 78, SCH 77, SCTI 84]. These reactions are

binary processes which can be associated with impact parameters between those

corresponding to compound nucleus formation and direct reactions. Among their

main characteristics are mass and charge distributions of the products centered close

to the values of the projectile and target, angular distributions peaked at forward

angles or around the grazing angle for heavier systems, and the dissipation of

considerable amounts of kinetic energy and angular momentum. These characteristics

are consistent with the following scenario. The reaction starts with the formation of a

rotating dinuclear system. As the system rotates, nucleons are exchanged between

the reaction partners and relative kinetic energy and angular momentum are

dissipated. The dissipated relative kinetic energy increases with increasing interaction

time (decreasing impact parameter), and is of the order of tens to hundreds of MeV.

Before the dinuclear system completes a rotation, a separation occurs producing two

excited nuclei: the projectile-like fragment and the target-l_e fragment. The excitation

energy of the fragments is released via light particle evaporation and/or gamma-ray

emission. If the fragment is heavy enough, fission can also occur.

Nucleon transfers between projectile and target are responsible for the mass

and charge drifts observed in the products of these reactions. These transfers are also

assumed to be largely responsible for the energy and angular momentum dissipation.

This is seen in the strong correlation between the evolution of the mass and charge



distributions and energy loss. The energy loss is defi_aedas the difference in the

center-of-mass kinetic energy between the entrance and exit channels. Deep-inelastic

processes should be expected to occur at energy losses between 0 (elastic event) and

Fern- VC, where Fern represents the kinetic energy in center-of-mass of the entrance

channel and VC the Coulomb barrier. The transfer of nucleons between the target and

projectile is accepted as a vehicle for energy damping. However, it should be pointed

out that other forms of energy dissipation based on the excitation of colective modes

have also been suggested [BRO 74, 76].

I.A. 1 Mass and Charge Distributions

Mass and charge distributions are represented by the yields of product nuclei

in the A-Z or N-Z plane as a function of energy loss. The distributions resemble two-

dimensional Gaussians with eentroids close to the mass and charge of the projectile

and the target, and variances which increase with increasing energy loss. These

stochastic features are reminiscent of the statistical behavior of processes like

diffusion, and prompted the study of these reactions in terms of transport equations.

In deep-inelastic collisions, the projectile and target are often viewed as two nuclei

joined by a "neck" which is considered itself a degree of freedom. Once the "neck" is

formed, transfer of nucleons can occur between the two nuclei. The direction of

these transfers will depend on the potential gradients of the system. Therefore, the

drift in the average values of mass and charge observed in the reaction products can

be associated with the driving forces acting on the dinucleus. On the other hand, the

variances can be associated with nucleon currents between both nuclei.

lt is impossible to measure directly primary distributions, because evaporation

occurs a very short time (~ 10-20s) after the primary fragments are formed. In



addition, in many experimental situations, the only quantities measured are the A, Z,

and energy of the secondary projectile-like fragment at a certain angle. Therefore, the

reconstruction of the primary event A, Z, and energy requires several assumptions

referring to the division of excitation energy between projectile- and target-like

fragments, and the numberand type of particles evaporated.

I.B RESEARCHGOALS

Thestudy of the evolutionof the mass andchargedistributionsis important

for theelucidationof the interactionmechanismduring deep-inelasticcollisions. It is

the purposeof thisstudy to determinethemass and charge distributionsof the

projectile-likefragmentsfor the systems 37C1on '10Caand 209Biat E/A = 7.3 MeV,

and 35C1on 209Biat E/A = 15MeV. In theexperimentcorrespondingto the last

system, a light-chargedparticledetectorwas included in an attemptto measure

evaporatedcharge in coincidence with projectile-likefragments. The systemschosen

have differentmass asymmetryandratioNrL to studytheeffect of these parameters

on the distributionsof products.

Theexperimentalsetupand data reductionproceduresare describedin

ChapterII. Due to experimentalproblems, the mass resolutionof the 35C1on 209Bi

system was verypoor. Itwas necessary to resortto techniquesof peakenhancement

to rescue the mass information. The procedure,known in generalas de,convolution,

is fully describedin ChapterIII. Once the mass and charge distributionswere

determinedas a functionof energy loss, theywere characterizedbytheircentroids,

variances andcorrelationcoefficients. These resultsarepresented in ChapterIV.
r

Two models used to treatdeep-inelasticcollisions aredescribedin ChapterV.

The two models, developed by Randrup[RAN 78, 79, 82] and Tassan-Got[TAS 88,



89], respectively, are based on the stochastic nucleon exchange mechanism. This

mechanism assumes that the energy and angular momentum dissipation in deep-

inelastic collisions is mainly due to nucleon exchanges between the projectile and

target. Though many of the basic assumptions are the same for both models, there

are significant differences in their predictions. In the same chapter, the experimental

results are compared to the predictions of both models. Results from other systems

are also discussed in reference to the systems studied here and model predictions.

Finally, Chapter VI contains the conclusions of this study.



CHAPTE2 II EXPERIMENTAL PROCEDURES AND DATA

REDUCTION

Two separate experiments are considered here. The first was intended to

investigate the system 35C1 + 209Bi at 15 MeV/A and took piace at Oak Ridge

National Laboratory during January 1988. The original project proposed the study of

this system only. However, the availability of data from a previous experiment with

similar information at lower energy prompted its inclusion in this study. This second

experiment investigated the systems 37C1 + 209Bi and 37C1 + 40Ca at a bombarding

energy of 7.3 MeV/A and took piace at Argonne National Laboratory in December of

1980. The author did not participate in the data collection process of the Argonne

experiment, but performed the full off-line data analysis. Reaction parameters for ali

three systems studied are displayed in Table II. 1. The parameters were obtained from

the tables of W. W. Wilcke et al. [WIL 80], or were calculated using the formulas

described in that paper.

While the experimental set-up was different for each experiment, conceptually

they were very similar. The time-of-flight technique was used to identify the mass

number of projectile-like fragments. The atomic number of such fragments was

deduced using the dE vs. E technique. The Oak Ridge experiment also attempted to

detect light charged particles in coincidence with projectile-like fragments.

The off-line data analysis was done using the program LISA which was

originally developed in Germany [BRE 89]. This software package is resident in the

VAX cluster of the Experimental Nuclear Physics Group at the University of

Maryland where both experiments were analyzed. The program LISA is interactive

and allows display and manipulation of data. It reads the data in an event-by-event

mode, storing the spectra that have been defined by the user. The user's algorithms



Table II.1 Reaction Parameters.

II III

Parameter ,,, 37C1 + 40Ca 37C1 + 209Bi 35C1 + 209BiI I

...... EI_I_ , 270.0 MeV 270.0 MeV 528.8 MeV

F-_m 140.2 MeV 229.4 MeV 452.9 MeV

, _1/4 (lab) .......... 12.0° 52.7 ° 20.5 °

_1/4 (cm) 23.10 60.8° 23.80

_ L_razin2 97 hbar 140 hbar 269 hbar
i

_ri_i_ 64 hbar 109 hbar 101 hbar

Rint 10.44 fm 13.17 fm 10.33 fm

VeoulfRint) 46.8 MeV 154.2 MeV 154.8 MeV

Elab is the laboratory energy, Ecm is the center-of-mass energy, 01/4 is the quarter- -
point angle, L is the angular momentum with "critic" representing the fusion
value,Rint is the interaction radius, and Veoul is the Coulomb potential.

are incorporated in the subroutines INSONE and INSERT. A flow chart for this

code is shown in Figure II. 1.

II.A ARGONNE EXPERIMENTAL SET-UP

The beam provided by Argonne's Superconducting LINAC (presently

ATLAS) was 37C1 at 270.0 MeV. The beam current was between 13 and 50 nA

during the experiment. The targets were self supporting 209Bi and 40Ca and had

thicknesses of 700 and 300 _tg/cm2, respectively. A silicon telescope was positioned

on each side of the beam. Each telescope consisted of a transmission silicon detector

with an active area of 50 mm 2 and a thickness of 17.1 gm, and a stop silicon

detector with an active area of 300 mm 2. The distance between the transmission and

stop detectors was about 62 eta, and the distance between the target and the

10



Figure .H.1

Flow chart for thc_data ar_alysisprogram LISA.

!1



Call INITS Initializeseverything

I

I One time (start-up) user routine
Call INSONE

I

1 _; Call CHKFLA Checks run-status and waits
for commands

Call GETEVT Reads event

Call INSERT User routine

Checks conditionsand rejects

-- ! event if ifatal is true

I DOLINS Optional linearizationuser routine

I

Call CONTST -- I Evaluates conditions

Call CONSPE Increments spectra

Call DISP Live display

I GOTO 1
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transmission detector was about 14cre. Each telescope was mounted on a table that

could be rotated to allow changes in the angular setting. Data were collected near the

gazing angle: at 13.0° for the Ca target and at 44.0° for the Bi target. The timing

resolution required for the mass determination (< 100 ps) was achieved using Spieler

design fast pickoffs. The on-line data were written to tape in an event-by-event

mode. The event trigger was a coincidence between the dE and E detectors of either

telescope.

During the experiment, the telescopes were always at symmetric positions

with respect to the beam, thuscarrying basically the same information. Only the data

from one of the telescopes were fully analyzed here. The other was used occasionally

as a check.

II.A.1 Calibrations

i

Non-linearities in the response of the electronics were checked using a

precision calibration pulser and the energy signals were corrected with a second

degr_ polynomial. The gain of each detector was established by calibrating with a

252Cf fission source. The energy signals were then normalized and added to give the

total detected energy. Pulse-height-defectcorrections were made to the total detected

energy [MOU 78]. A final calibration of the energy scale was achieved by

multiplying by a factor that reproducedcorrectly the energy of the elastic peak minus

the energy lost in half of the target thickness. The discrepancy between this last

calibration and the 252Cf fission source calibration was found to be less than 1.0 %.

The energies of the elastic peaks were obtained by classical kinematics calculations

using the program KINEQ, which is part of the Oak Ridge software [OAK 87].

13



These energies were244.4 MeV for the Bi targetat 44.0° and 257.4 MeV for the Ca

targetat 13.0°, basedon a beam energyof 270.0 MeV.

Correctionsdue to energyloss in half of the targetthickness as a functionof

the atomicnumber and energy of theprojectile-likefragmentwere also included. The

energy loss for differentatomicnumbersandenergieswas calculatedusing the

programSTOPX [OAK 87], and the resultswere storedin a file. Foreach event, the

energy loss was calculatedby takingthe chargeand energyof the particleand

interpolatingthe energyloss value fromthe file. The energy loss calculatedwas then

added to the particletotalenergy to obtainits correctedenergy. The energyresolution

(FWHM)was 1.7MeV for the elastic peak of the Ca targetat 8.0° (265.2 MEV).

The chargeand mass calibrationsweredone using the datacorrespondingto

the Catargetat 13.0°, becausethisprovideda widerrangeof charges andmasses in

the productsthan did the Bi target. Accordingto Bethe's formula[FRJ81], the

energy loss (dE/dx)of anonrelativisticchargedparticlein mattercan be roughly

describedby:

dE mZ 2
dx °t E '

where m, Z, andE are the mass, charge, and energy of theparticle. A plot of the raw

channels dE vs. E, found in Figure 11.2,shows a series of lines (Z-lines), each one

corresponding to a different atomicnumber. Since it is importantin the chargeand

mass distributionanalysis to havemass and charge parametersindependentof the

fragmentenergy, the functional energydependenceof the Z-lines had to be corrected.

The theoreticaldescriptionfor this dependencegiven in equation II.1 is not complete

enough to give anacceptablecorrection. The correctionis deemed acceptablewhen

the centroids as a function of energy do not change by more than 0.1 chargeunits.

14



Figure 11.2

Contourplot of therawdE as a functionof E channelsfor the system 37C1on

40Ca at 270 MeV.
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The f'trst step in correcting the Z-lines was the application of a formula based

on empirical fits to stopping-power data [FRI 81]:

Z = constant [ (dEa+ E )13_Ey] 1/2 (11.2)

where 0_,_, and y are constants with values 1.16, 1.725, and 1.73, respectively.

After this formula had been applied, successive corrections were made using

polynomial fits in different regions in the Z-E plane. Once the Z parameter was

independent of energy, a polynomial fit was employed to adjust the position (gain) of

the Z centroids to correspond to atomic numbers. A contour plot of the corrected Z as

a function of the laboratory energy is shown in Figure I1.3.

The time-of-flight technique relies on the mass being proportional to the

product E t2, where t is the time of transit for a fixed distance and E the energy of the

particle in question. The time-of-flight between the dE and E detectors was measured

using a time-to-analog converter frAC) connected to an 8K analog-to-digital

converter (ADC). If the TAC response is linear, as expected, the time corresponding

to a measurement T is proportional to (T - To), where To is an offset. The TAC

calibration showed good linearity with a gain of about 27.8 ps/channel. Once the

offset is established, the mass should be given by:

m = constant E (T - T0)2. (11.3)

Since the time was measured between the dE and E detectors, E is the energy of the

panicle as measured in the E detector. In principle, the mass parameter obtained

using equation II.3 should be independent of the energy. That was not the case in

practice and empirical corrections were required to make the mass centroids

17



Figure II.3

Contour plotof the linearizedatomic number as a function of laboratory

energy for the system 37CI on 40Ca at 270 MeV.
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independent of the energy (within 0.I mass units). These corrections included the

use of different offset values for each of three energy regions. Final adjustments

were done using polynomial fits, as in the case of the Z-lines. A contour plot of the

corrected mass as a function of the laboratory energy is displayed in Figure II.4.

A plot of the atomic number as a function of mass is shown in Figure II.5,

where an energy gate was set to eliminate the elastic component, lt can be seen that

for the same mass there is a shift of the centroid with the atomic number and vice

versa. A linear correction on both the atomic number and the mass was made to

eliminate this shift, and the result can be seen in Figure II.6. The resolutions

(FWHM) were 0.S mass unit for A = 37 and 0.4 charge unit for Z = 17.

Representative charge and mass distributions are shown in Figure H.7.

II.B OAK RIDGE EXPERIMENTAL SET-UP

The experiment took place at the Oak Ridge National Laboratory Holifield

Heavy Ion Research Facility (HHIRF). The Laboratory has a 25-MV vertical tandem

accelerator thatcan be operated alone or coupled to an isochronous cyclotron, to serve

as an energy booster. The particle beam can be delivered to different target stations

that are equipped with different nuclear instruments. This experiment utilized the

time-of-flight spectrometer. The spectrometer lay-out can be found in Figure II.8. It

consists of a 30.5-cm diameter scattering chamber connected to a time-of-flight arm.

The time-of-flight arm is equipped with two timing detectors, and with a large four-

segments ion chamber dE-E detector at its end. The arm can be rotated to allow

changes in the angular setting. As in the Argonne experiment, the combination of

time and dE-E information allows the characterization by energy, charge, and mass of

the particles entering the spectrometer.
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Figure II.4

Contourplotof the mass as a functionof laboratoryenergyfor the system

37C1on 40Ca at270 MeV.
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Figure H.5

Contourplot of theatomicnumberas a functionof mass for the system 37C1

on 40Ca at 270 MeV beforecorrectingA andZ for theirmutualdependence.

An energygate was set to eliminateelastic events.
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Figure II.6

Contour plotof the atomicnumberas a functionof mass forthe system37C1

on 40Caat 270 MeV aftercorrectingA and _ for theirmutual dependence.

An energygate was set to eliminateelastic events.
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Figure H.7

Representative(a) mass and (b)charge distributionsfor the system 37CIon

40Caat 270 MeV. An energy gate was set to eliminate elastic events.
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FigureII.$

Side view of theTime-of-Flightfacility atHHIRF. Dimensions are in mm.
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A 528.8-MEV beam of 35CI, provided by the coupled operation of the tandem

and cyclotron, was delivered to the time-of-flight station. The beam current was kept

between 15 and 20 nA throughout the experiment. The charge state of 35C1 was 14+;

the time structure of the beam was determined by the cyclotron frequency (10.71

MHz.). The target was self supporting 209Bi (1000 I.tg/cm2). A potential of 1500 V

was applied to the target to suppress secondary electrons. The time-of-flight arm was

positioned at 18.0° for data collection. A collimator consisting of a stainless steel

plug with an oval orifice of about 3 mm by 6 mm was placed at the entrance of the

arm.

Two large area dE-E plastic scintillator detectors were mounted inside the

scattering chamber, one on each side of the beam. The purpose of this detector was

to identify light charged particles in coincidence with projectile-like fragments. The

design, construction, and performance of these detectors is discussed in Section II.C.

The start and stop detectors used in the time-of-flight measurement were

transmission-type parallel plate avalanche counters ('PPACs). They were mounted on

the time-of-flight arm separated by a distance of 253 eta. The start and stop PPAC

had areas of 2 x 2 cm 2, and 8 x 10 cm 2, respectively. Each PPAC had four

windows made of 60 I.tg/em2 polypropylene. The two internal widows were

aluminized and served as the cathode; the anode was a plane of parallel wires between

the two cathode planes. For both detectors, the filling gas was isobutane at a

pressure of about 6 torr. The potentials of the anodes were set to 400 V and 420 V

for the start and stop PPAC, respectively. The anode signals were used for the time

measurement. Each cathode plane of the stop PPAC had been aluminized forming

parallel strips of metal. The strips of each plane were connected in series through

delay chips to an output on each side of the plane. Position information in the

direction perpendicular to the strips was obtained by measuring the time difference
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between the output on each side of the plane. The two planes were arranged so that

the strips of one plane were perpendicular to the strips of the other plane, thus

providing x- and y-position information.

The ionization chamber had four consecutive anodes of 10, 10, 20, and 40 cm

in length respectively. The entrance to the chamber was a 300 _tg/cm2 mylar

window. A mixture of 90% Al"and 10% methane lP-10) was used as the filling gas

at a pressure of about 410 torr. The optimum choice for filling gas was carbon

tetrafluoromethane (CF4), but the HHIRF was not able to provide it at the time.

Attempts to use isobutane failed because the purity of the available gas was not

adequate. Therefore, P-10 was chosen by elimination. The potentials applied to the

ionization chamber were 2000 V to the anode, 500 V to the Frisch grid, and -1000 V

to the cathode.

The time-of-fight was measured using a TAC and an 8K ADC. The position

signals were recorded using two TACs, one for the up-down direction and the other

for the left-right direction of the stop PPAC. Each individual position output (up,

down, left, and fight) was also timed against the anode signal of the PPAC using a

time-to-digital converter (TDC). The energy signals of the four anodes of the

ionization chamber and the corresponding drift times were recorded. The drift times

were taken between the anode signal of the stop PPAC and each of the four anode

signals of the ionization chamber using a q73C. The drift times provided x-position

information. Signals recorded for the plastic detector are described in Section II.C.2.

As seen, some signals are recorded redundantly. It is customary to do so, when

possible, to prevent the loss of information ff malfunctions occur during signal

processing.

The data acquisition system used is described in the HHIRF computer

handbook [OAK 87]. Ali data input to the system was done through CAMAC
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modules. A programmable microprocessor (Event-Handler) developed at the HHIRF

was used; this microprocessor was mounted in a CAMAC crate. The main tasks of

the Event-Handler were to detect the occurrence of an event, to read the digitized data

from the CAMAC modules, and to store it in a buffer to be read by the host

computer. The event trigger was a coincidence between the startand stop PPACs.

The event trigger made the Event-Handler read a logic input register and determine ff

it was a valid event by checking which detectors had fired. In the case of a valid

event, the Event-Handler sent to "the external world" a busy signal to inhibit further

input while the ADCs and TDCs were converting. After the ewnt was processed, the

Event-Handler cleared ali the electronics and waited for the next event. The events

were written to tape in an event-by-event mode by the host computer.

A simplified schematic of the electronic set-up is shown in Figure II.9.

Delays cables were used when necessary. The start and stop PPACs were connected

forward to the time-of-flight TAC; that means that the startsignal was not delayed to

come after the stop signal, as used in some other set-ups.

H.B.1 Calibrations

A precision calibration pulser was used to check the electronics for non-

linearities in each of the four energy signals of the ionization chamber. A polynomial

correction to lincarize and normalize the energy signals was performed on each

element separately.

When working with large area detectors, it is often found that the signals are

position dependent. In general, for best results, position corrections are applied. The

stop PPAC and the ionization chamber qualified as large areadetectors. Corrections

were to be performed using the position information of the stop PPAC. ,
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Figure ]I.9

Simplifiedrepresentationof theelectronicset-upforthe OakRidge

experiment. Only one dEchannelis shown for the ion chamberandone

positionchannel for the stop PPAC. Schematic legend:

ADC =analog-to-digitalconvener AMP - amplifier

CFD = constantfractiondiscriminator COINC.UNIT = coincidence unit

DELAY AMP = delayamplifier FAST AMP = fast amplifier

FIFO = fan-in fan-out PA =preamplifier

PMT - photomulfipliertube TAC ,. time-to-analogconvener

1DC = time-to-digitalconvener QDC =chargeintegratingADC.
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Unfortunately, the position signals had an efficiency of less than 10%, which was

statistically unacceptable for practical corrections. One source of low efficiency may

havebeenelectronicnoisecomparableinvoltagetotheactualsignalsoftheposition

channels.Thisrequiredthatthethresholdofthediscriminatorberaisedtovalues

closetotheactualpositionsignals,inadvertentlyrejectingvalidsignalsasweil.

A partialcorrectionwasappliedusingthex-positioninformationprovidedby

the measurementof the electron-drift time in the ionizationchamber. The elastic

centroids of the time-of-flight and the energy signals were plotted as a function of the

drift time of the third anode. The x-position dependenceof the signals was corrected

using polynomials. A drift-timegate was also establishedto rejectevents either

without drifttime ornearthe extremesof thedrifttime spectrum.

Theparameterthat showed the strongestx-dependencewas the energyof the

firstelementof the ionizationchamber(dE1). The elastic centroidshiftedas muchas

4-8%fromthe averagevalue. Even afterthe position correction,the elastic peak of

del was verybroad,probablydue to a strongy-dependence. The energy signals of

the otherelements (dE2,dE3, anddE4) andthe time-of-flightshowed muchless

dependence on thex-position. The maximumshifts from theaverage centroidswere

not largerthan:t:1.5%.

Afterpositioncorrection,the fourdE signalswere added togetherto generate

a new parameterproportionalto the totalenergydepositedin the ion chamber. The

additionof the foursignalswas multipliedby afactor to normalizethe totalenergyto

that of theelastic peakminus the energy loss in halfof the targetthickness andthe

windows of the detectors. Normally thiswould havebeen done with data collected at

angles lower than the grazingangle, to have a well defined elastic peak fromwhich

theresolution could havealso been estimated. However, the elastic particleswere

barelystopped in the chamberat 18.0°, at lowerangles the elastically scattered
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particles did not stop in the gas. Attempts to increase the gas pressure were ruled out

for fear that the large window at the entrance of the ion chamber would not hold the

pressure. Hence, the elastic centroid at 18.0° had to be used to calibrate the energy

scale. Corrections for energy loss in half of the target thickness and the windows of

the detectors as a function of atomic number and energy, were performed in the way

described for the Argonne experiment. For the elastic peak at 18.0°, the energy was

520.2 MeV with a FWHM of about I0 MeV. It should be stressed that this width

does not actually represent the energy resolution, because the elastic peak was

measured close to the grazing angle, where other processes contribute significantly to

the total width.

The atomic number determination was done following the dE-E technique

described in Section II.A.I. lt was decided not to use the first element of the

ionization chamber for the atomic number determination due to its poor resolution.

The Z-lines were obtained using dE2 as the dE parameter and the addition of dE3 and

dFA as the E parameter. As a consequence, events that deposited all their energy in

the first two elements did not have Z identification and were not considered. A

contour plot of the corrected Z as a function of the laboratory energy is shown in

Figure II.10. A FWHM of about 0.3 charge units was measured for Z -- 17.

The determination of the mass presented a very difficult problem. From

previous experiments, it is known that the energy resolution can be less than 1% after

position corrections. For the time resolution, a conservative value is 400 ps, also

after position corrections. The relative error for the mass as a function of energy and

time is given by:

8m 8E 28t
m - E +-'t-" (II.4)
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Figure II. 10

Contourplotof the atomic numberasa functionof the laboratoryenergy for

the system35C1on 209Bi at528 MeV.
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For a 253-cm flight path, the time for an elastic event is about 47.1 ns. Assuming an

energy resolution of 0.8%, the mass resolution (FWHM) should be about 0.9 mass

units. This resolution is acceptable but borderline for mass determination. It was

clear that, with the problems encountered in this experiment, such resolution would

be practically impossible to achieve.

A time-of-flight gain of about 8 ps/channel with very goodlinearity was..... . ....... ..

determined by calibration with a time calibrator. After establishing a gate around Z =

17, the width HM) of the "elastic" peak measured at 18.0 ° was about 900 ps.

Considering the energy resolution to be around 1% (a value consistent with previous

experiments), the resulting mass resolution would have an upper limit of about 1.7

mass units.

Without defined _s, mass cannot be unambiguously corrected for energy

del_endence, because the positions of the centroids cannot be established with

certainty. Much time was spent trying to rescue the mass information. Narrow gates

were established for Z and x-position to try to elucidate mass c_troids to no avail.

Finally, a new approach was tried: the use of deconvolution techniques to enhance

specWal resolution. A brief discussion on deconvolution and its application are

presented in Chapter III. With the aid of this technique to identify mass centroids,

corrections for energy dependence were done as described for the Argonne

experiment. A contour plot of the corrected mass as a function of the laboratory

energy is shown in Figure II.1 I. A satellite of about 10% the intensity of the actual

mass peak was found. No physical explanation has been established for its presence.

However, it should not significantly affect the mass distribution because of its low

intensity. Representative charge and mass distributions are shown in Figure II. 12.
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Figure H.11

Contourplotof themass asa functionof laboratoryenergyfor thesystem

35C1on 209Bi at 528 MeV.
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Figure H.12

Representative (a) mass andCo) charge distributionfor the system 35C1on

209Bi at 528 MeV. A gate was establishedto eliminate elastic events. There

are two curves for the mass: one represents the data as is (single wide peak),

and the other the effect of the deconvolution procedure on the data.
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II.C LIGHT-CHARGED-PARTICLE DETECTOR

The design and construction of a light-charged-particle detector was part of

the Oak Ridge experiment. The main purpose of this detector was to identify protons

and alpha particles emitted by evaporation of excited projectile-like fragments. To

have good efficiency, the detector had to cover as much solid angle as possible. The

• type of detector chos_fi Was a dE-E plastic scintillator Ofthe pho'swich design [KNO

79, LEO 87].

A plastic scintillator consists of a fluorescent organic compound forming a

solid solution in a plastic matrix. Plastics are available in a variety of sizes and

shapes that cannot be matched by other detectors. They are also relatively

inexpensive. Their main disadvantage is the poor linearity of the signal with both

energy and charge, when compared to other types of detectors. However, for the

purpose of particle identification of low Z products, this disadvantage is normally

well outweighed by the advantages.

When a particle loses energy in the plastic, part of that energy is converted

into electronic excitation of the molecules of organic scintillator, which subsequently

deexcite. One of the main processes of deexcitation is light emission, with the

amount of light produced proportional to the energy deposited. The process is

characterized by a time constant x called the fluorescent or decay constant. If at time

zero the fight intensity is I0, the intensity I at a time t will approximately be given by:

I = I0 e"t/x. (11.5)

The phoswieh technique [WlL 52] uses two scintillators with different decay

constants to build a dE-E telescope. Both scintillators are optically coupled to the
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same photomultiplier tube (PMT). If the decay constants are different enough, the

current signal from the PMT can be decomposed into the two contributions (dE and

E). The scintillator with the smaller decay constant is called the fast scintillator, and

the other one is called the slow scintillator.

The plastic scintillators needed to build the detector were purchased from the

Bicron Corporation. The commercial denomination for the fast and slow scintillators

are BC-400 and BC-444, respectively. "l_heB'C-400 has a decay constant of 2.4 ns

and the BC-444 has a decay constant of about 300 ns [TEH 87]. The rise time of the

signal in both plastics is on the order of 1 ns or less. The principal constraint in the

design of the detector was the small space available in the 30.5-era diameter scattering

chamber. The use of regular PMTs in this small chamber would have required an

awkward set-up. For that reason, very small PMTs that had recently become

available from the Hamamatsu Corporation were used.

II.C.1 Prototype Test

A prototype detector was built and tested at the HHIRF in August 1987. A

beam of 58Ni at 197.97 MeV impinging on several targets was used. The test took

piace at the 1.6-m diameter scattering chamber of beam line C16.

The detector consisted of a 0.1 x 2.0 x 12 ern 3 sheet of BC-400 mounted on a

3.0 x 2.0 x 12.0 em 3 block of BC-444. Both elements were coupled to the same

PMT at 90 ° through an optical guide. The PMT used was the model R647-01 of the

Hamamatsu Corporation. This is a 7-cre long and 1.3-cm diameter head-on PMT.

The sides of the detector were painted with reflecting white paint to improve the

efficiency of light collection. The front part of the detector was covered with a thin

aluminized mylar foil and the rest of the detector was wrapped with electrical tape. A
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sketch of the detector is shown in Figure II.13 (a). Once mounted in the scattering

chamber, the detector covered from about 5° to 90° in-plane, and __5° out-of-plane.

Two separate pieces of BC-400 and BC-444 were also placed inside of the

scattering chamber. Each piece was optically coupled to a different PMT, and placed

close to the beam. The purpose of this arrangement was to allow looking at the

signals from each plastic individually. This was very helpful in setting the gates for

signal processing.

The anode signal from the detector PMT was split and sent to two individually

gatedchargeintegratinganalog-to-digitalconverters(QDCs). The fast QDC hada

gate of 30 ns, thereforeintegratingmainlythe fastdecayingdEcomponent. The

secondQDC hada gate of 750 ns delayed 30 ns with respect to the dE signal. This

one integratedmainlytheE component. Sketchesof the individualfast andslow

signals, and gates are shown in Figure1"1.13Co)-(c),as seen on an oscilloscope.

Contourplots of thedE signal as a functionof the E signal are shown in

Figure II.14 for polypropylene(CH2), andC targets. It is evident from Figure II.14

that the difference between both targetsis the presenceof a well def'medpeak in the

dE-Eplane in the CH2case, which is not presentin the C case. This peak was

assigned to H recoils. The peak appearson the ridge where particlesdeposit most of

their energyin the dE element, indicatingthat most of the protonswere stopped in the

firstelement. This is consistentwith the recoilenergies (0 to 4 MEV),and rangeof

the protons in the plastic (0.2 to 0.3 mm for a 4-MEVproton). The contourline

appearingin boththe C and CH2targetsis also observedwith a Ni target. This line

can be assigned to neutrons,gammarays,and electrons, whichwould not lose much

energyin the dE element. Itis importantto mentionthat QDCs need to be corrected

by subtractinga pedestal integrationbeforeassigninganabsoluteenergyvalue to their

reading. This correctionwas notperformed,andtherefore each energy scale
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Figure II. 13

(a) Sketch of the prototype light-charged-panicle detector. (b) Sketch of the

dE signal of as seen on an oscilloscope. (¢) Same as in (b) for the E signal.
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Figure II.14

Contourplots of thedE signal as afunction of the E signal of the prototype

detectorfor two different targets(polypropyleneandcarbon).
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(dE and E) should be considered shifted by a constant undetermined amount.

There were concerns about the efficiency of light collection and light output of

the thin dE element. Since the dE and E elements were not optically coupled to each

other, the light was collected only on a 0.01 x 2.0 cm 2 strip in the dE element, The

dE signal was, however, very strong. As a consequence of this, it was decided to

use half the thickness of the dE element in the construction of the actual detector to

lower the energy threshold for both protons and alpha panicles entering the E

element.

II.C.2 Detector andResults

Eight dE-E plastic-scintillator telescopes were used to construct two light-

charged-particle detectors for the Oak Ridge Experiment. Each telescope consisted of

a 0.05 x 3 xl0 cm 3 sheet of BC-400 mounted on a 3 x 3 x 10 cm3 block of BC-444,

optically coupled at 45 ° to a PMT through a light guide, as shown in Figure II.15 (a).

The telescopes were mounted in groups of four in two aluminum holders to form the

detectors. The sides of the telescopes were painted with reflecting white paint to

avoid crosstalk and improve light collection. The front part of the detector was

covered with very thin aluminized mylar. The rest of the detector was protected from

external light by the aluminum holder with the exception of the light guides and

PMTs, which were covered with black electrical tape.

The PMTs used were the model R1666 of the Hamamatsu Corporation. This

PMT is only S-cre long and 1.8-cm diameter. The PMT selected was different from

the one used in the test for two reasons: it was shorter, and a very compact base had

been designed for it. The small bases were developed at Washington University for

the "Dwarf Ball" detector. Eight electronic boards, along with the wiring diagram,
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Figure II.15

(a) Sketch of one of the dE-E telescopes of the light-charged-particle detector.

Co)Top view of the layout of the light-charged-particle detector inside the

scattering chamber.
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were provided by Washington University. The electronics shop of the Physics

Department of the University of Maryland did the wiring of the bases.

Eachdetector was placedon a rotating arm inside the scattering chamber, as

shown in Figure 11.15(b). The left detector covered from -10° to -75° in-plane and +

28° out-of-plane. The right detector, which was next to the time-of-flight arm

entrance, covered from 25° to 105° in-plane and + 35° out-of-plane. The telescopes

were numbered from 1 to 4 on the right, and from 5 to 8 on the left, as indicated in

Figure II.15 (b).

The anode signals of each PMT were treated as described in Section II.C.1 to

obtainthe dEandE components. The gates wereset to 25 ns for the QDC integrating

the fast componentand 400 ns for theone integratingthe slow component. Ali the

PMTshad a common QDC gatewith the exceptionof PMT5, whose electronics were

separatedbecauseof its proximityto the beam.

A CH2targetwas used to calibratefor Z. Contourplotsof the raw signalsdE

as a functionof E show a clear Z -- 1line. Examplesareshown in Figure II.16 for

PMTs 1, 6, and 7. While they do not appear in these contourplots, indicationsof an

alphaline were seen in color densityplots. The contour plots shown in Figure II.17

correspondto the Bi target,where thereis no clear indication of a Z = 1line.

Unfortunately,this preventedfurtherstudieswith these detector.

11.D KINETIC ENERGYLOSS C_ATION

The total kinetic energy loss (Eloss)is defined as the difference between the

initial and the final kinetic energy in the center of mass of the system. In two-body

kinematics, the expression for the energy loss, in the laboratory system is
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Figure II.16

Contour plots of the dE signal as a function of the E signal for a

polypropylene target. The signals of the PMTs 1, 6, and 7 of the light-

chargext-particledetector arc shown.
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FigureH.17

Contourplots of thedE signalas a functionof the E signal for Bi target. The

signals of the PMTs6, and 7 of the light-charged-particledetectorare shown.
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M1 M3 /El E3 Mi M3

Eloss= E1 ( 1- _)- E3 ( 1 + _ ) + 2 cos (e) -_/ M42 .....,

(11.6)

whereE stands for laboratorykinetic energy, M for mass, and 0 for the projectile-like

fragment laboratory angle. The numbers 1 to 4 represent the projectile, target,

projectile-like fragment, andtarget-like fragment, respectively.

In an experiment, the energy, charge, and mass of the fragments are measured

after evaporation has occurred. Since equation 11.6is strictly valid for two-body

processes, the Elosscalculated usingdirectly the experimental parameters is incorrect.

lt was necessary to introduce corrections for evaporation to the mass and er,ergy of

the projectile-like fragment to make a better estimation of Eloss. Assumptions in this

correction are that the velocity of the projectile-likefragment does not change, on the

average, because of evaporation, that the evaporated mass can be expressed as a

smooth function of theexcitation energy of theprojectile-like fragment, and that the

ground state Q-value can be expressed asa smooth function of the projectile-like

fragment Z. Since only total kinetic energy loss is measured, the correction also

needs to assume a form of excitation energy division between projectile-like and

target-like fragments.

The total evaporated mass was determined for a series of possible reaction

products of the systems under study, as a function of excitation energy. Linear fits

were performed to obtain an expression for the average mass evaporated as a function

of the excitation energy. The evaporation calculations were done using the PACE

code [GAV 80]. The spin of the particle, which is one of the inputs to this code, was

calculated assuming the sticking limit [BEN 85]. Calculations at f'utedspin values (1

and 15 hbar) showed that the average evaporated mass did not have a strong
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dependenceonthespin.However,theevaporatedmassshowsgreaterdispersionfor

thehigherspin.Thiseffectisshown inFigureII.18.The calculatedevaporated

massasafunctionofexcitationenergyisshowninFigureII.19(a)assumingthe

stickinglimitfor35CIon209Bi.Becauseofthesmallspindependenceofthe

evaporatedmass,calculationsontheothertwo systemsshowedverysimilarplots.

(}roundstateQ-valueswereplottedasafunctionoftheatomicnumberforeachofthe

systemsandfitwithaquadraticpolynomial.The groundstateQ-valueasa function

oftheatomicnumberisshowninFigureII.18(b)forthecaseof35CIon 209Bi.

The correction method was iterative. For each event, the step-by-smp

procedurecanbesummarizedasfollows:

1.CalculateafirstestimateofElossusingtheexperimentalM3 andE3,

assumingM4 = Ml + M2- M3.

2.CalculatethegroundstateQ-value(Qgg)fromtheprojectile-likefragment

Z.

3. Deterntine the total excitation energy as Eloss - Qgg.

4. Assume a form of excitation energy division and calculate the excitation

energy of the projectile-like fragment.

5. Calculate the mass evaporated (dM) using the excitation energy obtained

in step 4, add it to M3 and recalculate M4.

6. Calculate the t,mergyof the projectile-like fragment by multiplying the

• original energy by the ratio 0VI3 + dM) /M3.

7. Recalculate Eloss and find the difference from the last value obtained.

Repeat steps 3 to 7 until the difference becomes smaller than 0.1 MeV

or the number of iterations becomes reaches 100 (abort event).

Distributions of atomic number as a function of neutron number were then

determined for ali the systems at different energy losses. The neutron number was
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Figure II.18

Mass evaporated as a function of the excitation energy for several possible

projectile-like fragments of the reaction 35C1 + 209Bi assuming two different

spin values: (a) 1 hbar and Co) 15 hbar. The equations for the straight lines

shown in the plots are:

(a) y = 0.0818 x + 0.0574

(b) y = 0.0963 x - 0.3502
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Figure II.19

(a) Mass evaporated for possible nuclei formed in the reaction 35CI + 209Bi

as a function of excitation energy, calculating the spin using the sticking limit.

(b) Ground state Q-value as a function of the atomic number of the projectile-

like fragment in the reaction 35CI + 209Bi,
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obtaineddirectlyby subtractingthechargefromthe mass;its resolution,can be

roughlyestimatedas the squarerootof the additionof thesquaresof the mass and

chargeresolutions. Two cases were consideredfor the correctionof the energyloss

scale inthe case of the Bi reactions:equaldivisionof excitationenergybetween the

reactionpartnersanddivisionaccordingto the mass of the products(thermal

division). Only equal division was consideredfor the Catarget,since bothprojectile

and targetarepracticaUyidenticalin mass. Typical distributionsof atomicnumberas

a functionof neutronnumberareshownin FiguresII.20-22.

The N-Z distributionsresembletwo-dimensionalGaussianfunctions that can

be expressed by:

1[ (N-<N>)2 + (z-<z>) 2 . 2p(N-<N>)(Z-<Z>) ],
Pt_,Z)= h exp- 2(1-p2) ¢_2 o22 oz ON

(II.7)

where P represents the probability,h is a normalizationfactor,<> represents the

centroid,oa the variance,and p the correlationcoefficient. Fora Gaussian

population,thefirst and secondmomentsaregood estimatesof the centroidand

variance,respectively [CRA46]. The chargefirstand secondmomentsaregiven by:

1 n
ffi 5".Zi, and (II.8)

<Z> ni =1

n

O'Z2 _ 11 _ (Zi-<Z>)2, (II.9)i=1
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respectively. Theco_respondingequationsfor mass or neutronnumbermoments

foUowdirectly. The correlationcoefficient is given by:

O'NZ where- , (II.lO)
oz ON

l n

°NZ-n'l i_1 (Zi-<Z>)(Ni-<N>). (II.11)

Ali relativeyields were transformedto the center-of-masssystem, andmass

andchargedistribu_ic__scharacterizedby their centroids,variances,andcorrelation

coefficier.ts. Two approachesweretakento determinethese parameters.One was a

directmomentanalysisof thedata;the other was the applicationof a fittingalgorithm

thatpresupposeda Gaussiandistribution[BRE83a]. The results obtainedusing

these two methods arediscussed in Chapter1".4.
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Figure 11.20

Representativecontourplots of the atomicnumberas a functionof the neutron

numberfor the reaction37CI + 40Ca at 270 MeV, for Eloss= 20, 60, 40, and

80 MeV.

68



C1-37 on Ca-40 at 270 MeV

1 2 Eloss = 40 MeV Eioss= 80 MeV

14 16 18 20 22 14 16 18 20 22

N



Figure 11.21

Representativecontourplots of the atomicnumberas a function of the neutron

numberfor thereaction 37C1+ 209Bi at 270 MeV, for Eloss= 20, 40, 60,

and 80 MeV.
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Figure 11.22

Representativecontourplots of theatomicnumberas a functionof the neutron

numberfor the reaction35C1+ 209Bi at 528 MeV, forEloss = 20, 60, 110,

and 190 MeV.
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CHAPTER III DECONVOLUTION

Themass datafromtheOak Ridge experimenthas a resolution(FWHM)

greaterthanone mass unit,due to the lack of position information. In consequence,

individual mass lines cannot be distinguishedin themass vs. energyplots and

correctionsfor energydependenceof the massparameterizationbecomevery

difficult. Attempts weremade to find mass centroidsfor differentenergyandcharge

gates byusing Gaussianfits. Unfortunately,the positionand numberof centroids

were verydependenton the initialguess chosenfor the fittingalgorithm. It was

concludedthat the only way to retrievethe mass informationwas by using some

method of peak enhancementthatwould reveal the peakspresent in the spectra.

Deconvolutionmethods arecommonlyappliedin image restorationandoptical

spectroscopy,buttheir principlescaneasily be extendedto other typesof

experimentaldata. A study wasconducted to evaluatethe feasibility of improvingthe

resolution of mass spectra. The primaryreferenceused in the development of this

chapteris PeterA. Jansson'sbook on deconvolution [JAN 84].

III.A BACKGROUND

Whenanobservableis measuredas a functionof one or more variables,the

resulting spectrumcomprisesboth the physical event and the distortionsintroduced

by the measuringinstrument. Forex_'nple,the finiteresolutionof a monochromator

willcause a measurementat a certainwavelength to havecon_butions from

neighboringones. These distortionscanbe describedas a mathematicalconvolution

if they addup linearly. For a continuousvariablex the resultof measuringan

observableat a certainpoint b
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can be described by the convolution integral

I(b) = J S(b-x) O(x) dx, (III.1)
-00

where I is the result of the measurement, also known as the image, S is the spread

function of the instrument, and O is the object being measured. The spread function

of an ideal instrument is Dirac's 8 function, in which case the image and the object

will be identical. It is the purpose of the deconvolution process to restore the object

given the image and the spread function.

To manipulate digitized data, it is convenient to express the convolution

process in a matrix formulation:

I = S O. (III.2)

The image I and the object O are now represented by column vectors, and the spread

function S is represented by a matrix. It would seem that the deconvolution problem

is reduced to finding the inverse of the spread matrix:

O = S"1 I, (III.3)

Unfortunately, this deterministic approach presents some practical problems. Each

consecutive row of S acts on a neighboring point of the spectrum, and therefore the

matrix elements between rows are very similar. This similarity does not provide a

strong set of independent equations and the matrix could be singular, that is without

an inverse. Even if the inverse matrix can be found, it may be ill-conditioned, which
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meansthat_mallperturbationsin theimagecan producelargespuriouspeaks in the

calculatedobject[AND 77].

The presenceof noise in thedatais anotherimportantaspect to considerin

any&convolutionprocedure. Theeffect of the additionof noise is toeliminateany

uniqueassociationbetweenobjectand image lAND 77]. Therefore,therewill notbe

a uniquesolution and some criteriahas to be developed to select an adequateone.

Most deconvolutiontechniqueswill yield good resultswhen testedon computer

generatednoise-fr_ data. However,withactualexperimentaldata,highfrequency

componentsdue to noise can he greatlyenhanced. It becomesnecessaryto improve

the signal to noise ratioof the data for the deconvolutionto he successful. For

example, thiscan he accomplishedby smoothing the data.

Single or multiplepolynomialfilters are commonlyused to smooth digitized

.... spectra. Smoothing or filteringrefers to a processof convolutionof the spectrum

with aweighting function. The spectrumcan be convolved one or more times witha

particularweightingfunction,and the processis called single or multiplesmoothing,

respectively. Convolutionwitha filterwill enhance thesignal to noise ratioto the

expense of worsening the resolution. This effect can he accountedfor by considering

the filter aspartof thespreadfunction. Therefore_the final spread functionis the

convolutionof the spreadfunctionof the measuringsystem and thefilter used to

smooththe data. It shouldbe notedthatinformationbeyondthe cutoff frequencyef

thefilter is lost. A discussionon the effects of smoothing andrecommended

procedurescan be foundin a review paper by P. Willson and T. Edwards[WIL76].

Iterativemethods of deconvolutionhave the advantage of allowing more

controlof the solutionas it ,-volves. A traditionallinear method developedby Van

Cittert[VAN 31] canhe representedin its discrete formby
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O k+l= O k + [I-S O k ], (III.4)

wherethesuperscriptk indicatestheiterationcycle.The imageisgenerallytakenas

thefLrStestimateoftheobjectandtheiterationprogressesfromthere.Thismethodis

classified as linear because each element of the object can be expressed as a linear

combination of the elements of the image. A parameterthat multiplies the correction

term can be introduced to ensure proper convergence. It should be stressed that

convergence alone does not guarantee a physically correct solution. Traditional linear

deconvolution methods have been used with moderate success in the past and are the

basis of some modern constrained nonlinear methods [JAN 84]. The deconvolution

method studied here belongs to the second category and is based on Jansson's

algorithm [JAN 70].

Jansson found that the introduction of physical constraints greatly improved

the results of the deconvolution process. His algorithm is characterized by the

introduction of a relaxation function R thatdepends on the object estimate:

ok+l(i)= ok(i)+ R(ok(i))[I-S O k ](i), (III.5) .

where i indicates the vector component index. The relaxation function allows control

of the correction term of the iteration to mold the solution to the physical bounds.

The simplest form of such a function is a constant value in the physical region and

zero elsewhere. Clipping of the n_nphysical solution as described normally produces

results inferior to those obtained using a relaxation function that allows the correction

to evolve gradually as the iteration proceeds.

Finally, there is no strict recipe as to how to dec0nvolve a particular spectrum.

As mentioned before, the ill-conditioned natureof the problem and the presence of
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noise do notguaranteea uniquesolution. Someoptimizationcriteria,in conjunction

withjudgementbasedon previousknowledgeof theobject, shouldbe used to

determinethe bestestimate. Any methodshouldbe testedusing known spectra

before drawingconclusionson unknownones.

I_.B PROCEDURE

The applicationof Jansson'salgorithmis straightforwardand does notrequire

complexcomputerprogramming.OnceequationlH.5 is establishedfork = 0, the

iterationprocee_ untilsome convergencecriteriaaremet. However, the method

requiresaddressingtheproblemof noise, selection of a properrelaxationfunction,

andknowledgeof the spreadfunction.

Toevaluate themethod,a known objectis needed. A two-dimensionalmass

vs. energyspectrumfroma previousexperiment which shows well resolved mass

lines witha FWHMof 0.55 mass unitswas chosenfor testing [H.,A 88]. This

spectrumhadbeencorrectedfor energydependenceandanoverallprojectionon the

mass axis can be foundin FigurelH. 1 (a). The sizes of the energy andmass bins are

2 MeV and 0.05 mass units, respectively. The nextstep was to introduce a distortion

in the originalspectrumthatwould degradethemass resolution randomlyto simulate

an experimentalspreadfunction. This was accomplishedby convolving the masson

each energybin with a randomizedGaussianfunction witha FWHM of 0.707 mass

units. Theresulting distortedspectrumhas a FWHMof 0.90 mass units. The

projection of the distortedspectrumon the mass axis, shown in Figure lH.1 (b),was

used to test the deconvolutionmethod. The displayand manipulationof spectrawere

done using the same software(LISA) describedin ChapterH.
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As mentionedearlier,it is importantto smooth the datapriorto

de,convolution. WiUsonet al. [WIL76] suggest theuse of multiple quarticfilters.

Multismoothingwith one or a combinationof filtersis also the procedurefollowed in

severalof the examplesquotedin Jansson's book. The filter replacesa point in the

spectrumby a linearcombinationof thepoint in questionand the points aroundit.

The numberof pointsconsidereddeterminesthe filter length. The coefficients for the

linearcombinationarea functionof the filter lengthand thedegree of the polynomial

fit. The procedurechosen herewas multismoothingwith a quarticfilterusing the

toter lengthas the test parameter.The coefficients for thef'flterweightingfunction

wereobtainedfrom SavitzkyandGolay's tablesafterbeingcorrectedby Steinieret

al. [SAV 64, STE 72].

The relaxationfunctionhas to modulatethecorrectiontermin accordancewith

the physical limits. In principle,any function that satisfies the boundaryconditions

of the problemcould be used. The only physicalconstraintutilized in this case is that

the mass hadto be positive. After somepreliminarytrials, the function thatseemedto

yield the best results was

R(ok(i)) = w r ok(i), (III.6)

where w and r are constantfactors. The constantr is equalto the inverse of the

highestintensity in the spectrumand the spreadfunctionamplitude,while w is a

variableweight factor thataffects the speed of convergenceand the final solution.

The spreadfunction for the distortedspectrumis a normalizedGaussian with

a FWHMof 0.707 mass units. In this case the spreadfunction is known because it

was purposelygenerated. However, in an experimental situation,the spreadfunction

has to be found. In some cases, it can be determinedexperimentally;in others,an



educatedguess is theonly approach.Itseems reasonableto assume a Gaussian

functionfor the spreadintroducedby a measuringinstrument,but therecould be

other contributionsto theline width andthey maynot be necessarilyGaussian. A

total restorationof a spectrallinewould requireknowledgeof ali thedifferent

contributionsto the line width. In the case of the OakRidge data,some partial

restorationwas expectedby using aGaussianfunction thatwould makeevident the

mass centroids. For this reason, the effect of changingthe _ of the spread

functionon the deconvolved spectrawas investigated.

After some trials,the initialconditions for testingwereestablished. The

smoothingwas doneby convolving the distortedspecu'umthreetimes with a 25-point

quarticpolynomial. The weight factorw was set to 0.05, and the FWHMof the

spreadfunctionwas set to 0.707 mass units. Thenumberof iterationswas arbitrarily

f'LXedat 400. Thedeconvolved spectrumobtainedwith these parametersis shownin

Figure III.1 (c).

The use of a chi-squaredtest [BEV 69] servedas a guide to optimize the

differentparameters.The chi-squaredwas calculatedfrom thesmoothed imageand

the deconvolved final spectrum.The smoothed image Z refersto the spectrumto be

deconvolved afterbeing filteredwith the 25-pointquarticpolynomial. The

deconvolved specmun is thenreconvolvedwith the spreadfunctionto producea

spectrumR whichshouldbe identical to the smoothed image. The chi-squaredis

computedby adding the squares of the differences between spectrumR andthe

smoothed image Z for each mass bini, accordingto:

I1

X2 _"_R(i)- Z(i)) 2 for Z(i) # 0. (III.7)--
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Figure m.1

(a) Original spectrum. (b) Spectrum shown in (a) after being distorted with a

random Gaussian with FWHM of 0.707 mass units. (c) The result of

deconvolving the spectrum shown in (b) with w = 0.05, number of iterations

= 400, smoothed 3 times with a 25-point quartic f'flter,and FWHM of the

spread function = 0.707 mass units.
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The minimum chi-squared should indicate the best parameter choice, but because of

the nature of the problem the best solution is not necessarily the physically correct

one. The previous knowledge of the system and the physical constraints become

important in selecting the correct solution. Convergence of the iteration process was

checked by monitoring the absolute value of the difference between the last two

consecutive spectra after each iteration.

III.C RESULTS

The results that follow correspond to the initial conditions stated in Section

HI.B as applied to the distorted spectrum shown in Figure HI.1 (b) (these conditions

are summarized in Table HI. 1).

The variable that most affected the deconvolution results was the smoothing.

The f'dter length was changed from 11 to 15, 19, 21, 23, and 25 points. The number

of convolutions with the data was kept at three in ali eases. The chi-squared was

recorded and plotted in Figure 111.2as a function of the filter length. Up to the 19-

point filter, the deconvolved spectra show splitting of the mass peaks into two

components; from the 21-point filter on, the number of peaks and shape of the

spectra reproduce the object very weil, as shown in Figure 1II.3. Observations of the

deconvolved spectra indicate that the 25-point filter gives the best results, in

agreement with the ehi-squared values.

The ehi-squared seems to decrease as the weight factor increases, as can be

seen in Figure IH.4. However, for weight factors greater than 0.3, the iteration

diverges and ehi-squared increases sharply. There do not seem to be significant

changes in the deconvolved spectra for weight factors between 0.005 and 0.1, and

they ali reproduce the object very weil. After a value of 0.1, the shape of the
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FigureIII.2

Chi-squaredas a functionof the filter length.
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Figure III.3

Deconvolved spectra _ter smoothing 3 times with filter lengths of: (a) 23, (b)

21, (c) 19, and (d) 15 points.
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Figure m.4

Chi-squaredas a functionof the weight factorw.
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spectrum becomes irregular, although the chi-squared keeps decreasing slightly,

which could be due to convergence to an unphysical solution.

The effect of changing the FWHM of the Gaussian spread function was

studied because the mass resolution for the Oak Ridge data is not known. When two

Gaussian functions are convolved, the result is a Gaussian with variance equal to the

sum of the variances of the individual functions. A plot of the square of the FWH/vl

of the deconvolved spectra versus the square of the FW of the spread function

used is shown in Figure til.5 (a). There is a clear linear dependence until the FWHM

of the spread function exceeds that of the spectrum that is being deconvolved. The

chi-squared increases slowly with the FWHM of the spread function until this value

exceeds that of the distorted spectrum and then a sharp increase occurs, as shown in

Figure 11I.5 (b). Fortunately, modifying the FWHM of the spread function shows

practically no effect on the position of the mass centroids, as seen in Figure 111.6.

The number of iterations was set to a large number (400). However, less

than 100 iterations were actually necessary to ensure proper convergence. It was also

observed that the area of the peaks is quite well conserved, except when extreme

parameter values were used. For the purpose of this study, the most important result

was the relative insensitivity of the position of the mass centroids to changes in the

algorithm parameters.

A comparison of the mass eentroids and peak areas between the original and

deconvolved spectra is given in Table III. 1. These values were obtained using

Gaussian fits to the original and resultant deconvolved spectra.
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Figure III.5

(a) Squareof the FWHM of the deconvolvextspectraasa functionof the

squareof theFWHMof the spreadfunction. Co)Chi-squaredas a function

of the FWHMof the spreadfunction.
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Figurv m.6

D_onvolve_l spectraas a functionof theFWHMof the spreadfunction:(a)

1.00, (b) 0.80, (¢) 0.60, and (d) 0.40 mass units.
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Table III.l Compariso_l of Peak Centroids and Areas between the Original and
Deconvolved Spectra*,

t

Mass Number Original Deconvolved Original Area Deconvolved

Centroid Centn_id A_m.,a

59 58.989 59.034 981 1105

+ 0.058 ± 0.079 ± 140 ± 186

60 59.997 59.981 2628 2804

± 0.013 ± 0.019 ± 85 ± 116

61 60.985 60.9"/9 6335 6460

:I:0.003 ± 0.005 ± 59 ± 81

62 61.989 61.968 8253 8234

± 0.002 ± 0.003 ± 55 ::!:75

63 62.989 62.978 9660 9560

+ 0.002 ± 0.003 ± 55 ± 74

64 63.981 63.961 3959 4067

± 0.007 ± 0.009 ± 70 ± 97

65 64.978 65.009 1075 1170

± 0.048 ± 0.068 ± 134 ± 180

* Deconvolved with the following parameters: w = 0.05, FWHM = 0.707 mass
units, 25-point quartic polynomial filter (3 times), and 400 iterations.

III.D APPLICATION TO OTHER MASS SPECTRA

The purpose of this study is to correct the Oak Ridge mass data for energy

dependence. This requires gating the mass spectra in energy intervals, finding the

mass centroids (de.convolution), and obtaining the functional correction. As a

consequence of the energy gates, the statistics can get very ]zr. Deconvolution is

very sensitive to the signal to noise ratio of the data, which gets worse when making

energy gates. To (.'valuate the effect of low statistics, the deconvolution procedure

95



was tested on differentenergy gates of the sample mass spectrumused in Section

III.C.

Attemptsmade using the set of parametersderived in Section III.C resultedin

verypoor restorations. In principle, it should not be expected of those parametersto

be adequate forotherspectra. Itwas apparentthat the immediate problem was how to

improve the signal to noise ratio. Insteadof using a longer quartic polynomial, it was

decided toconvolve the spectramore times using the 25-point filter. The number of

convolutions startedat 3 and increased by one until the chi-squared (eq. III.7) did not

changeby morethan 1%. Afterthisparameterwas set, the weightfactorwas treated

in a similar manner:startingat 0.05 andincreasingit by multiplyingby 1.25 until the

chi-squareddidnot changeby more than5%. The numberof iterationswas set to

150. Thisalgorithmwas applied to threedifferentenergy gates. The original,

distorted,and deconvolvedspecu'aforeach one of the threegates areshownin

FiguresIII.7, llI.8, andIII.9. A visual inspectionindicates thatthe restorationsare

in good agreementwith theoriginal.

The effect of the FWHM of the spreadfunctionwas tested bychangingit

from 0.707 to 0.5 and0.9 mass units; the centroidsof the spectracorrespondingto

each energygate were not affected,as concludedin Section III.C. Gaussian fits were

performedon the originaland deconvolvedspectraof Figure 1II.8 to makea

quantitativecomparison. The results aresummarizedin TableIII.2.

The next step was to use the algorithmon the Oak Ridgedata. Deconvolving

the Oak Ridge data was not as straightforwardas in thetest case. First,the resolution

was greaterthan 1.0 mass units, which combinedwith the energysmearof the elastic

peak discussed in ChapterII, did awaywith any clear indication of a peak centroid,

even for the high yield peaks. Second, the energydetectorwas made up of four

independentelements, whichcould cause the mass to have discontinuitieswhen
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Figure m.7

Mass spectra energy gated at 4(50MeV of laboratory energy with a 2 MeV

energy bin: (a) original, (b) distorted, and (c) deconvolvcd.
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Figure HI.8

Massspectraenergygatedat440 MeV of laboratoryenergywith a 2 MeV

energybin:(a) original,(b) distorted,and (c) deconvolved.
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Figure III.9

Massspectraenergygatedat420 MeV of laboratoryenergywitha 2 MeV

energybin:(a) original,(b)distorted,and (¢)deconvolved.
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Table m.2 Comparison of Peak Centroids and Areas between the Original and
Deconvolved Spectra of Figure 1II.8".

II i Ii I li II i|l|l

Mass Number Original Deconvolved Original Area Deconvolved

Centroid Ccntroid Area
I I

60 60.081 59.880 63 63

4-0.123 4-0.037 +19 4-5

61 61.047 61.011 190 177

4"0.019 :_0.007 4-11 4-3

62 62.024 62.066 274 256

+0.012 4-0.004 4-10 4-3

63 62.997 63.078 253 246

i-0.014 4-0.005 4-10 4-3

64 63.972 64.072 113 106

5.'0.044 i'0.001 4-13 4-4

* Deconvolved with the following parameters: w = 9.53, FWHM = 0.707 mass
units, 25-point quartic polynomial filter (19 times), and 150 iterations.

plotted versus the total energy. The latterwould cause functional corrections to be

more difficult and hinder the deconvolution results, raising questions such as "Has

the peak really shifted or is this an unphysical solution?". Finally, the presence of

spurious peaks in the spectra could affect the deconvolution even though their yield

was low. However, the deconvolution procedure has been proven to be reliable in a

variety of extreme conditions. The chi-squared criteria could not be used in some

cases and the number of convolutions with the filter were determined by qualitative

observation. As mentioned, the FWHM of the spread function was unknown and it

was set to 1.0 mass units. This value was chosen because it is smaller than the

estimated maximum value (1.7 mass units), and experience showed that the

deconvolution procedure gives better results when the FWHM of the spread function

has an intermediate value with respect to the overall resolution.
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Mass vs. energy plots were obtained for different atomic numbers. Mass

spectra were generated at 10-MeV energy intervals, and the centroids were

determined after deconvolution. The mass vs. energy dependence was determined

for the atomic numbers 17, 16, and 15. Linear functions were used to correct the

energy dependence for Z = 16, and 17; a quadratic function was used for Z = 15.

The same functional dependance of Z = 17 was assumed for ali the atomic numbers

above it. Similarly, any atomic number below 15 is considered to have the same

energy dependence as for Z = 15. After this correction was made, the deconvolution

was performed on the mass spectra corresponding to different atomic numbers to

determine the mass gain with Z. The mass dependence on Z was adjusted using

linear functions for Z = 18, 16, 15, 14, and 13. Any mass corresponding to Z below

13 is assumed to have the same gain as for Z = 13. Likewise, for any mass

corresponding to Z above 18, the same gain of Z - 18 is assumed.

Finally, a total mass spectrum (excluding only Z = 17) was generated and

deeonvolved. The peak centroids were found at the expected values of the mass

coordinate. Mass spectra were also generated and deeonvolved for individual atomic

numbers after ali the corrections were made, and the eentroids were found consistent

with the mass coordinate. Figures III. 10 to III. 13 show the corrected mass spectra

for individual atomic numbers and the result of applying the deeonvolution procedure

to them. It could be roughly evaluated from this experience that the mass

assignments should be correct within at least 1 mass unit in most cases.
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Figure M.10

(a) Mass spectra for Z - 18.

Co)Same as (a) after deconvolution.
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F_gure III.11

(a) Mass spectra f_r Z= 16.

(b) Same as (a) after deconvolution.
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Figure ni.12

(a) Mass spectra for Z_ 15.

(b) Same as (a) aft._-deconvolution.
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FigureHI.13

(a) Mass spectrafor Z= 14.

(b) Sameas (a) afterdeconvolution.
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Figure IU.14

(a) Mass spectrafor Z= 13.

(b) Same as (a) afterd_onvolution.
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CHAPTER IV RESULTS

After the calibrations described in Chapter H, the projectile-like fragments are

completely characterized by their atomic and mass numbers, relative yield, and

energy. Hence, it is possible to produce distributions of products and study their

evolution with energy loss. In this chapter, the results of this study are presented.

The distributions were transformed to the center-of-mass system and described in

terms of statistical parameters, as presented in Chapter II.

The experimental distributions of mass and charge were generated as a

function of the energy loss in the N-Z plane. The bin size of the N and Z coordinates

was 0.25 units of mass and charge, respectively. The distributions were gated in

consecutive intervals of the energy loss coordinate. The value assigned as the energy

loss for a particular distribution corresponds to the center of its gate interval. For the

reactions 37C1 + 40Ca and 37C1 + 209Bi, the gates were 4-MEV wide throughout ali

the range of energy loss. For the reaction 35C1 + 209Bi, the gates were 10-MeV

wide for the first 100 MeV of energy loss, and 20-MEV wide from there on.

Since the experimental distributions roughly resemble two-dimensional

Gaussians, the following independent parameters were chosen to characterize these

distributions: average neutron number (<N>), average atomic number (<Z>),

variance in the neutron number (¢_N2),variance in the atomic number (¢_Z2),and

correlation coefficient (13).This choice of parameters is sufficient to completely

characterize the distributions ff they are purely two-dimensional Gaussians.

However, it should be stressed that the neutron and atomic number are discrete

variables, and, in some cases, the experimental distributions show clear departures

from Gaussian behavior.
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Becauseofthenon-Gaussianbehaviorofsomeofthedistributions,two

approachesweretakentodeterminethecharacteristicparameters:two-dimensional

Gaussianfitandmomentanalysis.ForaGaussiandistribution,thefirstandsecond

moments areequal to the centroid and variance,respectively. The Gaussian fits were

performed using the algorithm developed by H. Breuer ct al. [BRE 83a]. The

computer algorithmsrequiredfor moment analysis were developed by the author.

The second moment was corrected for grouping due to the finite bin size [CRA 46],

and for the experimental resolution. The errorsin the parametersgenerated by the

momentanalysis were calculatedby propagatingthestatisticalcountingerrorsin the

momentformulas. Itshouldbe noted thatthe OakRidge N-Z distributionswere not

deconvolvedto determinethe characteristicparameterseitherby momentanalysis or

Gaussian fit. The deconvolutiontechniquewas used only to establish the mass

calibration (neutronnumber). In ChapterII, the mass resolution (FWHM)was

estimatedto be, roughly, 1.7 mass units for the Oak Ridge data. Since the charge

resolution is muchsmaller thanthe mass resolution,the neutronnumberresolution

should also be around 1.7 units.

As mentionedin ChapterII, the energy loss scale was correctedfor

evaporationeffects. An assumptionof how the excitation energyis divided between

projectile-and target-likefragments is needed for thiscorrection. Presently,it is

acceptedthatfor shortinteraction times (low energyloss) the excitation energy is

divided more or less equally among the partners[AWE84, VAN 84, SOH 85, BEN

88, WIL 89a, WIL 89b]. As the iteractiontime increases (energyloss increases), the

excitation energy tendsto equilibratebetween the two partners(thermalization),

which means a division proportionalto the mass of each fragment. Obviously, only

asymmetricsystems will be sensitive to the differencebetween equaland thermal

division of theexcitation energy. In those cases, theevolution of system between the
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two extremes seems to be a smooth function. Using the same rationale, the

difference between equal and thermal division of excitation energy is expected to have

an important effect on the energy loss correction when the entrance channel is

asymmetric. For the 37C1 on 40Ca reaction, only equal division of excitation energy

was considered because the system is nearly symmetric. For 35C1 on 209Bi and

37C1 on 209Bi systems, two corrections were made: one assuming equal division and

the other assuming thermal division of the excitation energy. Reaction parameters for

ali three systems studied are displayed in Chapter II (Table H.1).

IV.A THE SYSTEM 3?Cl + 40Ca AT 270 MeV

The values of <Z> and <N> as a function of energy loss obtained using both

Gaussian fit and moment analysis are shown in Figure IV. I, along with the ratio

<N>/<Z>. The <Z> and <N> decrease with increasing energy loss. The results

obtained by both methods agree up to about 80 MeV of energy loss. Differences as

large as 0.5 in atomic number and I in neutron number are observed at energy losses

greater than 80 MeV. The ratio <N>I<Z> initially decreases, but after about 40 MeV

of energy loss remains more or less constant within the error.

In Figure IV.2 the values of eZ2 ,ON2 , and p are displayed as a function of

energy loss for both Gaussian fit and moment analysis. The variances obtained by

both methods agree very well up to about 70 MeV of energy loss; at higher energy

losses the variances obtained by the Gaussian method are much greater. The

correlation coefficient increases sharply with energy loss and between 40 and 60 MeV

reaches a more or less constant value very close to 1.0. Moment analysis gives

significantly lower values for p than the Gaussian fit at energy losses of less than

about 40 MeV.
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Figure IV.I

The values of <Z>, <N>, and <Z>/<N> as a function of energy loss for the

reaction 37C1 + 40Ca at 270 MeV. The circles represent the results from the

Gaussian fit method and the diamonds represent the results from a moment

analysis. The energy loss scale was corrected assuming equal division of the

excitation energy.
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3rC1 on 4°Ca at 270 MeV

_8_-,,,, I '''' I ''''l''''l''''l'',,,1 I

m

I

A

- I I I I I..i I I i I i I I I I I I I I I I i i I i I

14 -,,,, ,,,, ,,,,i,,,,i,,,,l,.- I I , , ,20 -- --
- _

^
_ _8

1.20

_ =

1.05 m

0 20 40 60 80 100

Elos_ (MEV)

119



Figure IV.2

The values of aZ2,¢YN2, andp as a function of energyloss for the reaction

37C1+ 40Caat 270 MeV. The circles representthe results fromthe

Gaussianfit method and thediamondsrepresent the resultsfrom a moment

analysis. The energyloss scale was correctedassumingequal division of the

excitationenergy.
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37CI on 4°Ca at 270 MeV
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IV.B THE SYSTEM 37C1 + 209Bi AT 270 MeV

The results of <Z>, <N>, and <N>/<Z> shown in Figures IV.3 and 4

correspond to corrections of the energy loss scale assuming equal and thermal

division of the excitation energy, respectively. There is very good agreement

between moment analysis and the Gaussian fit for the values of <Z>, <N>, and

<N>/<Z> as a function of energy loss. The <Z> and <N> decrease with increasing

energy loss. The ratio <_N>/<Z>raises slightly, and reaches a constant value

immediately after about 20 MeV of energy loss.

Plots of az 2, aN 2, and p as a function of energy loss are shown in Figures

IV.5 and 6, which correspond to energy loss corrections assuming equal and thermal

division of the excitation energy, respectively. The variances obtained using the

moment analysis are slightly higher than those obtained using the Gaussian fit

method. The correlation coefficient raises sharply up to about 20 MeV of energy

• loss,andthencontinuesincreasingata much slowerratewithincreasingenergyloss.

Atlowenergylossthevaluesofp obtainedfromthemoment analysisaresmaller

than the ones obtained using the Gaussian til

The values of <Z>, <N>, and <N>/<Z> corresponding to both corrections of

the energy loss scale are compared in Figure IV.7. For clarity, only the results

corresponding to the Gaussian fit are displayed. The differences are not very

significant in most of the energy loss range. However, after the first 20 MeV of

• energyloss,the<Z> and<N> correspondingtoequaldivisionoftheexcitation

energyareincreasinglysmallerthanthosecorrespondingtothermaldivision.This

resultisexpected,becauseevaporationincreaseswithexcitationenergy,and,ata

givenenergyloss,theequaldivisionofexcitationenergywilldepositmoreexcitation

thelighterpartnerthanthermaldivisiondoes.

122



Figure IV.3

The values of <Z>, <N>, and <Z>/<N> as a function of energy loss for the

reaction 37C1 + 209Bi at 270 MeV. The circles represent the results from the

Gaussian fit method and the diamonds represent the results from a moment

analysis. The energy loss scale was corrected assuming equal division of the

excitation energy.
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37CI on 2°9Bi at 270 MeV
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Figure IV.4

The values of <Z>, <N>, and <Z>/<N> as a function of energy loss for the

reaction 37CI + 209Bi at 270 MeV. The squares represent the results from

the Gaussian fit method and the diamonds represent the results from a

moment analysis. The energy loss scale was corrected assuming thermal

division of the excitation energy.
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3vCl on 2°9Bi at 270 MeV
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Figure IV.5

The values of oz 2, oN2, andp as a functionof energy loss for the reaction

37C1+ 209Bi at 270 MeV. The circles represent the results from the

Gaussian fit method and the diamonds represent the results from a moment

analysis. The energy loss scale was correctedassuming equal division of the

excitation energy.
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37CI on 2°9Bi at 270 MeV
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FigureW.6

The values of oz 2. oN2, and p as a functionof energy loss for thereaction

37C1+ 209Bi at 270 MeV. The squaresrepresent the resultsfrom the

Gaussianfit methodand the diamondsrepresent the resultsfroma moment

analysis. The energyloss scale was correctedassumingthermaldivision of

the excitationenergy.
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37CI on 2°9Bi at 270 MeV
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Figure IV.7

The values of <Z>, <N>, and <N>/<Z> as a function of energy loss for the

reaction 3"/Cl+ 209Bi at 2"10MeV. The circles and squares represent

corrections of the energy loss scale assuming equal and thermal division of

the excitation energy, respectively.
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3rC1 on 2°9Bi at 270 MeV
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IV.CTIIESYSTEM 35CI+ 209BiAT 528MeV

Plotsof<Z>,<N>,and<Z>/<N>areshowninFiguresIV.8and9for

corrections of the energyloss scalecorrespondingto equal and thermaldivision of the

excitation energy,respectively. No significantdifferences arefound between the

results obtainedusingmoment analysisor Gaussianfit. The valueof <Z> decreases

moreor less steadilywith increasingenergy loss. The value of <N> remains

approximatelyconstantup to about 100 MeV of energyloss, thenit startsdecreasing.

This behavioris alsoreflected in the ratio <N>/<Z> which increases as a functionof

energy loss up to about 100MeV and then startsdecreasing. There could be a

systematicerrorfor theneutronnumberscorrespondingto Z < 15, since theenergy

dependence of the mass centroidswas establishedonly up to Z ffi15, as describedin

ChapterIH. However,the directionof this erroris notknown and thedriftseems too

large to be due only to this.

The results of oZ2,oN2, andp are plottedin Figures IV.10 and IV. 11 for the

correctionsof the energyloss scale correspondingto equaland thermaldivision of the

excitation energy, respectively. As in the case of the averagesand ratios, there areno

significant differencesbetween the results of the momentanalysis and Gaussian fit.

The oz 2 increases upto 100MeV of energyloss, and fromthere on, starts

decreasing. The ON2 seems to follow more or less the same behavior. The

correlationcoefficientshows a suddenincreaseat about 100 MeV of energy loss

(going fromnegative to positive) and then remainsapproximatelyconstant.

As in the previous system, the values of <Z>, <N>, and <N>/<Z>

correspondingto both correctionsof the energyloss scale are shown in FigureIV.12.

No significant differences areobservedfor the f'LrStI00 MeV of energyloss. After

that, the differences in <Z>startincreasingwith energy loss, reaching up to 2 charge
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Figure IV.8

The values of <Z>, <N>, and <Z>/<N> as a function of energy loss for the

reaction 35C1+ 209Bi at 528 MeV. The circles represent the results from the

Gaussianfit method and the diamonds represent the results from a moment

analysis. The energy loss scale was corrected assuming equal division of the

excitation energy.
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35C1 on, 2°9Bi at 528 MeV
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• • .... ..... . .

FigureIV.9

The valuesof<Z>,<N>, and<Z>/<N> asa functionofenergylossforthe

reaction35CI+ 209Biat528MeV. The squaresrepresenttheresultsfrom

theGaussianfitmethodandthediamonds_presenttheresultsfroma

moment analysis.The energylossscalewascorrectedassumingthermal

divisionoftheexcitationenergy.
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35CI on 2°9Bi at 528 MeV
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Figure W. 10

The values of oz 2, _N 2, andp as a function of energy loss for the reaction

35C1 + 209Bi at 528.8 MeV. The circles represent the results from the

Gaussian fit method and the diamonds represent the results from a moment

analysis. The energy loss scale was corrected assuming equal division of the

excitation energy.
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zsCl on 2°9Bi at 528 MeV
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FigureIV.11

The values of aZ2, aN2, andOas a functionof energyloss for thereaction

35C1+ 209Bi at528.8 MeV. The squaresrepresenttheresults from the

Gaussian fit method andthe diamondsrepresent theresults froma moment

analysis. The energy loss scale was correctedassuming thermaldivision of

the excitationenergy.
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35C] on 2°9Bi at 528 MeV
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Figure IV. 12

The values of <Z>. <N>, and <N>/<Z> as a function of energy loss for the

reaction 35C1 + 209Bi at 528 MeV. The circles and squares represent

correctionsoftheenergylossscaleassumingequalandthermaldivisionof

theexcitationenergy,respectively.
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35C1 on 209Bi at 528 MeV
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units. The differencesin <N> evolve similarly,giving differencesof up to 4 mass

units. As expected, the <Z>and <N> correspondingto equaldivision of the

excitationenergyaresmallerthanthose correspondingto thermaldivision.

IV.D COMPARISONBETWEEN MOMENT ANALYSIS AND GAUSSIAN FIT

Therearepracticallyno differencesbetween theGaussianfit andmoment

analysis in the determinationof the averagevalues and theirratioin the threesystems

• • studied. This is expectedsince'the averagesarenotVerysensitive to the d_[s of the .....

distribution.On the other hand,the variancesandcorrelationcoefficient arevery

sensitive to thedetails of the distribution.For the two very asymmetricsystems, both

methodsof evaluationdo notproducegreatdifferences in the variances. Howeverin

the case of 37C1on 40Ca,importantdifferences areobservedat high energyloss. The

reasonfor this discrepancyis that the distributionhas to be truncatedin the N=Zplane

dueto oxygen contamination. This truncationshouldnothavean importanteffect on

a Gaussianfit, butit will affect very much the variancescalculatedusing moment

analysis.

The correlationcoefficients of the systems 37C1on 209Biand40Cashow

significantdifferences at low energy loss dependingon the method used. The

correlationcoefficientprovidesa measureof the mutualdependencebetween N and

Z. In a two-dimensional Gaussian, it is related to the angle of orientationof the

distributionin the N-Z plane. However,at low energy loss, the distributionsare

composed of only a small numberof nuclidesandtheirGaussiancharacteristicis

barelyevident. This may make theorientationof the Gaussiana parametervery

sensitive to small variationsin the distribution. The low resolution in the N value of
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theOak Ridgedatamay resultinapoor_fmitionoftheangleintheN-Z plane,

especiallyatlowenergyloss.

Finally,itseemsthattherearenovalidcriteriatochooseonemethodoverthe

other.Forthemostpart,bothmethodsaremoreorlessingoodagre.cmentandwhen

theyarcnotthemeaningoftheparametersofthedistributionisalreadyquestionable.

The numericalvaluesobtainexlfor thedistributionparametersforthethreesystemsin

questionusingtheGaussianfitandmoment analysiscantcfoundinAppendixA.
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CHAPTER V DISCUSSION

The evolution of the parameters of the mass and charge distributions is a

consequence of the deep-inelasticmechanism, lt is interesting to compare model

predictions tO the experimental data to test the validity of the physical ideasbehindthe

model. In this chapter theexperimental data are compared to calculations from two

current models for deep-inelasticreactions and to published results from different

systems. The two models are based on stochastic transport theories, and a basic

backgroundof the physical foundations is given, lt is not a purpose of this chapter to ....

review the various theoreticalmodels thatdescribedeep-inelastic collisions; a general

review can be found in articles by W.U. Schr6der and J.R. Huizenga [SCH 84], and

by H. Freiesleben and J.V.Kraft [FRE 84]. A review on transport theories applied

to heavy-ion reactions has been published by H.A. Weindenmtiller [WEI 80].

V.A PHYSICALBACKGROUND

The interactionbetween twonucleiduringa nuclearreactionis a complex

multibodyproblem. One approachtakento treatthe Hamiltonian (H) of such

systems is to divide the degrees of freedominto collective (macroscopic)andintrinsic

(microscopic):

H = Hc + Hi + Hci (V.1)

where Hc andHi representthe Hamiltonianof the collective andintrinsicvariables

respectively, and Hci is the Hamiltonianof the couplingbetween both variables

types.Ingeneral,thecollectivedegreesoffreedomarethevariablesofexperimental
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interest. They represent, for example, the total kinetic energy, mass, and angular

momentum of the system. Normally, the intrinsic variables are not of practical

interest, but they affect the evolution of the collective ones. The importance of this

effect depends on the coupling Hamiltonian. In cases where the coupling is weak,

f'u-storder perturbation theory can readily be applied. However, from the features of

. deep-inelastic collisions described in Chapter I, it is evident that the coupling between

collective and instrinsie variables is very strong. The coupling Hamiltonian accounts

for the transfer of energy from the collective to the intrinsic variables. It is

• • responsible, for example, for the significant damping of the total kinetic energy that

produces very excited nuclei in the exit channels.

Simple phenomenological models consider the coupling by introducing

frictional forces in the equations of motion. This approach does not account for the

fluctuations observed experimentally in the collective variables. There is a stochastic

aspect to deep-inelastic collisions similar to the the type of phenomena described in

statistical mechanics (Brownian motion, thermal noise, etc.). This prompted the

application of theories developed in non-equilibrium statistical mechanics to formulate

models for heavy-ion reactions. The most interesting models are the ones that use

basic principles for their predictions and do not depend on fitted parameters; they

provide the best physical understanding of the reaction mechanism.

The Liouvillean formulation of quantum mechanics can be used to describe

the problem theoretically [BAL 84]. The evolution of the system in time is given by

the von Neumann equation (quantum analogue of LiouviUe's equation):

i hbar-_ = [ H, p ] (V.2)
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where)ois thedensity operator,H is theHamiltonian,andthe squarebracket

representsthe commutator(thePoissonbracketin classical mechanics). This

formulationis more generalthan the standardone in Hilbertspace. An essential

featureis thatthe density operatorcan be reducedby using the method of Nakajima

and Zwanzig [NAK58, ZWA60]. The density operatoris decomposed into the sum

of two operators,one of them describingthe evolution of the relevantvariables.

Formally, this procedurecorrespondsto a projection of the totaldensity operator on

the planeparameterizedby the relevant variables.Aftersome manipulationsand

averaging overthe intrinsicvariables,an exactgeneralizedmasterequation can be

obtained:

(:ld t=t0

i hbar_'=Le.0"d=i0J" K(s)d(t-s) ds + I(t) (V.3)

where d is the reduced density operator,L_ is an effective Liouvfllianoperator

acting only on the relevant variables,K is a memorykernelwhich desc_cs the

evolution of the intrinsic variables,and I is an inhomogeneity tenn. The equation V.3

is very complicated and it becomesnecessary to resort to approximationsfor practical
applications.

Translxa'tmodelsdiffer in the assumptions used to simplifythe problem

(treatment of the intrinsic variables,choice of macroscopic variables, etc.). It is

generally assumed that the macroscopic variablesare muck slowerin their evolution

in time than the microscopic variables. Therefore, the intrinsicvariablescan be

considered at equilibrium within the time scale of the collective ones. This type of

approximation is called Markovian. Hofmann and Siemens derivedequations of

motion for the macroscopic variables based on these assumptions [HOF 76,77].
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Theyconsideredthe intrinsic variablesasa thermalbathfor the collective ones. They

furtherassumedthat the couplingbetweencollective andintrinsicvariablescould be

treatedusing the methods of linearresponse theory. Since thecoUecdvevariablesfor

heavy-ion reactions atlow energiesexhibitclassical behavior,a transportequation is

obtainedsimilarto the Fokker-Planckequation. The distributionfunctionfin

collectivephase spaceis thendescribed by:

cit - t Hc ,f ]- Vif + _i f_TjDijf (V.3)

where Ci representsa collective variable,Vii_thedriftcoefficient,Dij is the diffusion

coefficient, andthe first termof theequationis a Poisson bracket. ThePoisson

bracketcontains termsonly for those variableswhose conjugateis presentin the

Hamiltonian (e.g.: momentumandposition). As the system evolves in time, the drift

coefficient reflects the speedof changein the averagevalueof the variable

distribution,while the diffusion coefficientaccountsfor the stochasticaspects of the

process (dispersion).

N_renberg[NOR75] developed anon-pemtrbativeapproachbasedon the

randommatrixmodel. He del'reedaveragesover the intrinsicstates by dividingthe

channelspace into subsets (coarsegraining)in which the macroscopicvariableshave

about the samevalue. He then assumedthat the couplingmatrixelementsarerandom

numbers with Gaussiandistributions. Afterother simplifications,the authordeduced

aPaulJAypemasterequation:

dPx_(t)clt= _;'_cou_t(t)[ d, P_t(Q - d_t P_(t) ] (V.4)
' I.t

,.
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whereP_ is the probabilty of the system to be in a coarse cell _, c0_ is the transition

probabilitybetween the cells _ and g, andd represents thenumberof states presentin

the cell. The equationV.4 was furthersimplifiedto a Fo_er-Planck type of

equation. For this common approximation,the variables d and P areexpanded in a

Taylor seriesup to the second orderterms,andcais assumed to be sharply peaked,

symmetricand slowly varying.

V.A.1 Stochastic Nucleon ExchangeModelof Randrup

The applicationof TransportTheory to deep-inelasticcollisions is the basisof

Randrup'smodel [RAN 78,79,82]. Randrup adopted the dynamical frame developed

byHofmann and Siemens. The timeevolutionof the distributionfunction f is

governedby equation V.3. The distributionfunctiondependson the collective

variablesbesides the time andsolving it can be cumbersome. The problemwas

simplified by using an approximationknown as the mean-trajectory method, which

is fully describedin reference [RAN 82].

In Randrup'smodel it is assumed that nucleon exchange is the only important

mechanism of dissipation. Therefore,the damping of the kinetic energy,the

transportof angular momentum, and the evolution of the systemin the N-Z plane are

explained in termsof the exchange of nucleons between the reaction partners. The

system is represented by two Fermi-Diracgases that exchange particles. The Fermi

energycorrespondingto a nucleus at zero temperature(totallydegenerate) is about 37

MeV. At typical temperatures reached in deep inelastic processes (kT - 0.5 - 2.0

MEV),the nucleus can be considered to remain totally degenerate and, because of the

Pauli exclusion principle, collisions between nucleons arehighly improbable.
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Therefore, a nucleon interacts mainly via collisions with the mean field generated by

the other nucleons (the "walls" of the container). Since the two nuclei are in motion

with respect to each other, a nucleon transferring from one nucleus to the other carries

relative momenmrm The transferred nucleon equilibrates in the new mean field, and

in this way the relative kinetic energy is transformed into reaction Q-value. This type

of mechanism is known as one-body dissipation.

The dinuclear system is idealized as two spherical nuclei ( A and B) joined by

a small cylindrical neck. The collective or relevant variables are: the distance between

the two sphere centers and the corresponding conjugate momentum, the angle of the

dinuclear axis with the reaction plane, the mean spin projections of the projectile-like

and target-like fragments, the atomic number and the neutron number of the

projectile-like fragment, and the radius of the neck. In addition, some redundant

variables are defined for convenience.

The drift and diffusion coefficients are calculated according to

Vi = _de N'(£) <(fB . fA)c i >, and (V.5)

Dij ffi _d£ N'(£) <[.fB(1 . fA) + fA(1 . fB)]cicj >, (V.6)

respectively. The quantity N' represents a one way nucleon current including a form

factor;,f represents the single particle occupation probability of nucleus A or B, the

symbol < > indicates a flux average, and the Pauli blocking factor is 1 -f.

The change in intrinsic excitation energy associated with a nucleon transfer

from B to A is defined as

w = FA- U p (V.7)
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where FAis the ground state change of energy produced by the nucleon transfer, U is

the relative velocity of the nuclei, and p the momentum of the transferred nucleon.

For nearly degenerated gases, equations V.5 and V.6 can be simplified to

Vi = N'(er) < Ci w >F (V.8)

Dij "_N'(eF)< 0.5w CiCjcothw_.>F (V.9)
2_

wherezisthenucleartemperatureandthesubscriptF indicatesthat onlyparticlesin

theFermisurfaceshouldbeconsideredinthefluxaverage.

The dynamicalequationsforthemean trajectoryarederivedusingthe

Lagrange-Rayleighformulationoftheequationsofmotion.Theconservativedriving

forcesarederivedfromtheLagrangianofthemacroscopicsystem.The dissipative

forcesareobtainedfromtheRayleighdissipationfunction.The dissipationfunction

iscomposedoffourterms.The firsttermisthewindow friction,thestrengthof

whichisproportionaltothecurrentofexchangednucleons.The secondtermis

referredastowalldissipationandoriginatesinthechangeoftheneckradius.The

thirdandfourtermsareassociatedwiththeenergydissipatedwiththechangeofthe

partitionofneutronsandprotonsbetweenthetwonuclei.

V.A.2 Stochastic Nucleon Exchange Model of Tassan-Got

AssumingthesamebasicscenariothatRandrupused,Tassan-Gotdeveloped

anothermodeltodescribedeep-inelasticreactions['rAS88,89].He utilizesthe

followingworkinghypotheses:
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1. The system is described as two potential wells, each containing afixed

number of nucleons.

2. Each ensemble of nucleons is at statistical equilibrium in its corresponding

well (Markovianhypothesis).

3. The nucleons aretreated in the classical limit.

4. The exchange of nucleons is the only dissipative mechanism.

These assumptionsare identical to the ones used in Randrup's model.

This model has been implemented using a Monte Carlo method. The

observables arecalculated on an event-by-eventbasis. An event startswith two

nuclei approachingin an analyticallydescribedCoulombtrajectory. When the two

nuclei are within rangeof the nuclearfield a window opens and stochastictransfers

can occur. At that stage, the relative motionandpotential aresolved numerically in

steps. At each step the neutronand proton transfer probabilities are calculated. The

possibility of occurrenceof a transfer and the type of transferis determined by

randomnumber generationfor each step of the trajectory. If a transferhappens, the

characteristicsof the nuclei are changed in accordance(mass, atomic number, angular

momentum, excitationenergy, etc.). The motion is conservative between transfers

and only the transfers generate dissipation. As thetwo nuclei separate, the nuclear

field weakens. Finally, they return to a pureCoulomb trajectory. The resulting event

is stored and a new event follows.

For a given nucleon transfer from nucleus 1 to nucleus 2, Tassan-Got

determines the effect on the relative kinetic energy by invoking energy conservation:

AS1 + A82 + AE1+ AE2+ AK + AU = 0 (V.10)
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where AS represents the change in ground state energy, K is the relative kinetic

energy, and U is the potential energy of the composite system. The quantity AE

represents the difference between the Fermi energy (_) and the energy of the nucleon

in question (e):

/kEl --8F1-81 (V.11)

!

AE2 = e2 - eF2 (V.12)

wheretheprimeindicatesthequantityafternucleontransfer.The combinationof

equationsV.10,11,and 12 gives:

AK = -AU -(82-81). (V.13)

Inasimilarway,ffStand$2representthenuclearspin,andL therelative

angularmomentum,thechangeinrelativeangularmomentum (AL)willbegivenby:

AS1 or2 -- ml or2 (V.14)

AL = - ( m2 - ml ). (V. 15)

The transferprocessisdescribedby fiveparameters[o= (e,_,,g,p,0)].The

first three characterize the velocity of the nucleon being transferred; the last two

describe the window position. The transfer probability (P) of a nucleon from a

nucleus 1 to nucleus 2 is then given by
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P=fdSa¢ Tnl ( 1 -n2 ) (V.16)

where 0 is the one way local flux, T is a barrier penetrability depending on the particle
+

potential at the window, and n represents the occupation probability of nucleus 1 or

2.

The probabilities for the four possible nucleon transfers are calculated using

equation V. 16 and the fate of the system is determined by random drawing. If a

transferhappens,itscharacteristicsarealsodeterminedbyrandomdrawingusingthe

partialprobabilityintegrandofequationV.16.A physicalrestrictionusedinthis

modelisthatonlynucleonsmovingtowardsthewindow canbetransferred;this

restrictionisnotpresentinRandrup'smodel.

V.B EVAPORATION CORRECTION OF MODEL PREDICTIONS

Model calculations for the three experimental systems were performed using

thecomputercodescreatedbyRandrupandTassan-Got.Bothcodespredictprimary

distributionswhicharegivenasafunctionofenergyloss.To comparewith

experimentaldata,correctionsforevaporationhadtobeincluded.Forthecorrection,

thenucleioftheprimarydistributionsaresubmittedasinputtoanevaporationcode.

The yieldsofthenucleiresultingfromtheevaporationsimulationproperlynormalized

totheprimarydistributionconstitutethesecondarydistributions.Moment analysis

was performedonthesedistributionstoobtaintheircharacteristicparametersasa

functionofenergyloss.The evaporationcodeusedwas PACE [GAV 80].The

relevantinputstothiscodearethenucleusA andZ,theexcitationenergy,andthe

spin.The PACE codesimulatesthedecayofagivenexcitednucleususingaMonte
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Carlo method. The number of events per inputnucleus was arbitrarily set to 100. It

is important to remember thatonly projectile-likefragments were detected

experimentally, therefore thesedistributions are the only ones considered for

comparison.

For the case of Randrup's code, the primary distribution is given in terms of

the parametersof a two-dimensional Gaussiandistribution in the N-Z plane as a

function of the energy loss. Every nucleus in the N-Z plane with an associated

probabilityof over 5%was used as a PACE input for the evaporation correction.

Randrup's code also generates an outputconsisting of averagevalues for parameters

like temperature, spin, rotational energy, etc. Some assumptions hadto be made

regarding the parametersrequired by the evaporation code for each individual

nucleus. For the differentreactionproducts,the rotational energy (Erot)is calculated

by scaling the average value (<>). The scaling is done assuming the same l-value for

the angular momentum of every nucleus, andmultiplying the averagerotational

energy by the ratio of moments of inertia; the latter can be expressed as a ratio of

masses only:

<M> 5/3
Erot= < Erot> ( _ ) • (V.17)

To calculatethetotalexcitation energy (E*) for a particularreactionchannel,the

groundstate Q-value(Qgg)was addedto the energyloss (Eloss)and the total

rotationalenergysubtracted:

E* = Eloss+ Qgg- Erot-total. (V.18)
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The total rotational energy is the addition of the rotational energy of the target-like and

projectile-like fragments.

It was assumed that the temperaturesof the projectile-like and target-like

fragments were identical to the average values given by the model, likewise for the

spin values. To calculate the excitation energy of the projectile-like fragment, the

excitation energy obtained in equation V.18 was multiplied by an excitation energy

division factor. This factor was calculated using the relation:

E*pLF__ apLF T2pLF ~ ApLF T2pLF (V.19)
E*TLF aTLF T2TLF ATLF T2TLF

whereA isthemass,ai_theleveldensityparameter(roughlyA/8),T isthe

temperature,andthesubscriptsTLF andPLF mean target-likeandprojectile-like

fragment,respectively.Theyieldofthedifferentnucleiobtainedafterevaporation

was multipliedby afactorproportionaltotheprobabilitycorrespondingtotheparent

nucleusintheprimarydistribution,andtheresultingsecondaryyieldwas stored,

alongwiththecorrespondingA,Z,andenergyloss,forsubsequentmoment

analysis.

On theotherhand,Tassan-Got'scodeoperatesonanevent-by-eventmode.

A numberofeventsisgeneratedforeachvalueofincomingangularmomentum (L).

Forthecasesunderstudy,thenumberofeventswas chosentobeproportionalto2L

+ 1tomaintainadirectrelationwiththephysicalcrosssection.The endresultwas a

detaileddiscreteprimarydistribution.Ineachevent,thecodecharacterizes

completelytheprojectile-andtarget-likefragmentsoftheprimarydistributionin

termsofexcitationenergy,spin,energyloss,etc..Therefore,theoutput

correspondingtotheprojectile-likefragmentswasdirectlystoredinafflctobe
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submittedtoPACE. The resultsof theevaporationcalculationswere also storedfor

subsequentmomentanalysis to obtain<Z>, <N>, <N>/<Z>, o2z, O'2N,and ONZ.

V.C COMPARISONOFMODELPREDICTIONSTO THEEXPERIMENTAL

RESULTS

In thissectionexperimentaldistributionsarecomparedto theevaporation

correctedmodel distributions.As in ChapterIV, the resultsareexpressedas a

function of energyloss in termsof <N> and <Z>, the ratio <N>/<Z>, the variances

oZ2 and oN2, and correlationcoefficientPNZ. A comparisonbetweenthe primary

distributionspredictedby each model is also shown. Forsimplicity,only the

experimentaldatacorrespondingto the Gaussian fits areshown for comparison. It

was shown in ChapterIV that,for the most part,there is no differencebetween the

results obtained using moment analysisand Gaussianfit,

V.C.1 The system 37C1on40Caat270 MeV

The values of <Z>, <N>, andthe ratio<N>/<Z> as a functionof energyloss

are showninFigureV. 1for theprimarydistributionof projectile-likefragments as

predictedby the models. Both models show the same results: a slightincreasein the

averageatomicnumberanda slightdecreasein the averageneutronnumberwith

increasingenergy loss. Thetendencyis to equilibrate the <N>/<Z> ratio of the

system. In FigureV.2 the variancesaz 2 and (_N2 are shown along with the

correlationcoefficient in theN-Z plane (PNZ);both models reveal the same trend.

The variancesincreasewithenergyloss forZ and N, while thecorrelationcoefficient

tendsto one.
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FigureV.I

Model predictionsfor<Z>,<N>,and<N>/<Z> correspondingtothe

primarydistributionsofthereaction37CIon40Caat270MeV asafunctionof

energyloss.The solidlinerepresentstheresultsfromRandrup'smodeland

the dashed line represents the results from Tassan-Got's. The horizontal

dotted lines represent the ratio N/Z of the projectile (top) and co>_pound

system (bottom), respectively.
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Figure V.2

Model predictions for o2z. O'2N,and PNZcorresponding to the primary

distributions of the reaction 37C1on 40Ca at 270 MeV as a function of energy

loss. The solid line represents the results from Randrup's model and

the dashed line represents the results from Tassan-Got's.
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37CI on 4°Ca at 270 MeV
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In Figures V.3 and 4 the models, after evaporation corrections, are compared

to the experimental distributions. As seen in Figure V.3, there is a good agreement

between model predictions and the data for the case of <Z>, <N>, and their ratio.

However, Figure V.4 shows that, as the energy loss increases, the experimental

variances become substantially larger than the ones predicted by both models. This

discrepancy occurs well before the Coulomb barrier (Eloss ~ 93 MEV). The

experimental correlation coefficient raises and tends to 1.0 faster than the model

predictions.

The primary distribution of a synm_tric system should not drift in the

averages of Z a,',,dN, because, physically, there is not a preferential direction of the

flow of nucleons between nuclei. In consequence, the values predicted for <Z> and

<N> by different models have to be rather insensitive to the model being used.

Therefore, a comparison between the predicted and experimental <Z> and <N> will

serve mainly as a test for the evaporation correction. On the other hand, the variances

in the Z and N distributions are not greatly affected by evaporation; they should be

more a reflection of the reaction mechanism, and hence serve as a test for the model in

question.

The system presented in this section is almost symmetric and it can b¢

expected to behave as a symmetric one for practical purposes. The good agreement

observed between the experimental and predicted <Z> and <BI>indicates t/mt the

method of evaporation correction is appropriate. The variances are, however,

underestimated by both models, as is the correlation coefficient. This could be

indicative of either an inadequate model description of the mechanism or another type

of process taking place which contributes to the width of the distrioution.

D. K. Lock et al. [LOC 85] compared the predictions from Randrup's model

to the resu!ts of Breuer et al. [BR8 83b] on the systems _6Fe on 56Fe and 23SU. '7he
!
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Figure V.3

Experimental results (circles) and model predictions for _._>, _>, and

<N>/<Z> corresponding to the secondary distributionsof the reaction 37C1on

4DCaat 270 MeV as a function of energy loss. The solid line represents the

results from Randrup's model and the dashed line represents the results from

Tassan-Got's. The horizontal dotted lines represent the ratio N/Z of the

projectile (top) andcompound system (bottom), respectively.
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Figure V.4

Experimental results(circles)andmodelpredictionsforo'2z,O'2N,andPNZ

corresIxmding to the secondary distributions of the reaction 37C1on #'0Caat

270 MeV as a function of energy loss.The solid line represents the results

,fromRan&up's model and the dashed line represents the results from Tassan-

Got's.
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authors'observationsonthesymmetricsystemarequalitativelythesameastheones

presentedherefor37Cion40Ca,withtheexceptionofthecorrelationcoefficient

which,intheircase,isingoodagreementwiththedataafterbeingcorrectedfor

evaporationeffects.SincethecorrelationcoefficientintheN-Z planeisanindicator

ofhow neutronandprotontransfersbetweennucleihavea mutualdependence,the

differenceintheN/Z ratiobetweennucleishouldbeastrongfactorindetermining

thesetransfers.Them isnosuchdifferenceina totallysymmetricsystemlike56Fe

on 56Fe.However,thesystem37CIon40Capresentsasignificantdifferenceinthe

N/Z ratiobetweentargetandprojectilethatcouldhelpexplainthediscrepancy

observed.The symmetricsystemscangeneratefusion-fissionproductswithmasses

closetothatoftheprojectileandkineticenergiesclosetotheCoulombbarrier;thus,

theopeningoffusion-fissionchannelscanexplainthelargevariancesobservedinN

andZ.

V.C.2 The system 37C1on 209Bi at 270 MeV

The predictions of the models for the projectile-like primary distributions of

the asymmetric system 37C1on 209Bi chffcr mainly in the <Z> and <N> values. As

shown in Figure V.5, Tassan-Got predicts a lower <Z> than Randrup, and the

difference increases with energy loss. The <N> value is also lower for Tassan-Got's

prediction and so is the ratio <N>/<Z>. However, the latter appears to have the same

functional dependence in both models: a steady increase with energy loss towards the

ratio N/Z of the compound system. It is interesting to note that, while Randrup's

model indicates a more or less constant <Z> and increasing <N> with increasing

energy loss, Tassan-Got's model shows a more or less constant <N> and a
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Figure V.5

Model predictions for <Z>, <N>, and <N>/<Z> corresponding to the

primary distributions of the reaction 37C1 Oll 209Bi at 270 MeV as a function

of energy loss. The solid line represents the results from Randrup's model

and the dashed line represents the results from Tassan-Got's.. The horizontal

dotted fines represent the ratio N/Z The horizontal dotted fines represent the

ratio N/Z of the projectile (bottom) andcompound system (top).
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37C1 on 2°9Bi at 270 MeV
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decreasing <Z>. Therefore,in Tassan-Got'smodel the system evolves towards

greaterasymmetry, while in Randrup'smodel the system evolves towards symmetry.

The variancesand correlationcoefficients fromthe two models are compared

in Figure V.6. For about the fast 60 MeV of energy loss, the variances and

cor_lation coefficient predictedby both models show _" same qualitative trend;they

increase smoothly with increasing energy loss. As the Coulomb barrieris

approached (~ 75 MeV of energy loss), the variancespredictedby Randrupshow a

pronounced increase, while, after the fast 50 MeV of energy loss, the variances

predictedby Tassan-Gotremain more or less constant. The Z variancepredictedby

Tassan-Got is smalleroverall than thatpredictedbyRandrup'smodel, while theN

variancecrosses over and becomes higherthan Randrup'svariance between 24 and

60 MeV of energy loss. The correlationcoefficientpredictedby Tassan-Got remains

more or less constant at 0.7 after the first50 MeV of energyloss and is higherthan

Randrup'spredictionup to 60 MeV of energy loss.

The experimental<Z>and <N> and theirratioarecomparedto model

predictionsin FigureV.7. Two sets of values areshownfor the experimentaldata;

each one correspondingto a differentassumptionin theenergy-loss scale correction

for evaporation,as indicated in ChaptersH andIV. The circles and squaresrepresent

the correctionassumingequaland thermaldivision of the excitation energy,

respectively. Tassan-Got'smodel shows a good agreementin <Z> with the

experimentaldata, while Randrup'smodel overestimates<Z>. For the fast 40 MeV

of energy loss, Tassan-Got'spredictionof <N> is also good, after that value of

energyloss, it slightly overptexficts<N>, but follows the trendof the experimental

data. Randrup'smodel predictsan increaseof <N> with increasingenergy loss,

even afterevaporationcorrections,a behavioropposite to thetrendof the

experimentaldata. There do not seem to be importantdifferences in the ratio
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FigureV.6

Modelpredictionsfor 02Z,O2N,andPNZcorrespondingto the primary

distributionsof thereaction37CI on 209Biat 270 MeV as a function of energy

loss. The solid line representsthe results fromRandrup'smodel andthe

dashedline representsthe results from Tassan-Got's.
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FigureV.7

Experimentalresults(circlesandsquares)andmodelpredictionsfor<Z>,

<N>,and<N>/<Z> correspondingtothesecondarydistributionsofthe

reaction37CIon209Biat270MeV asafunctionofenergyloss.The solid

line represents the results from Randrup's model and the dashed line

represents the results from Tassan-Got's. The circles and squares represent

the results after correcting the energy loss scale assuming equal and thermal

division of the excitation energy, respectively. The horizontal dotted lines

representtheratioN/Z oftheprojectile(bottom)andcompoundsystem(top),

respectively.
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37Cl on 2°9Bi at 270 MeV
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<N>/<Z> between the models and experiment for the first 40 MeV of energy loss.

However, the experiment shows that this degree of freedom raises quickly and then

remains more or less constant, while both models show a steady increase of the ratio

with increasing energy loss.

The experimental variances and the correlation coefficient are compared to the

models in Figure V.8. Randrup's model agrees very well with the experimental

variances up to about 60 MeV of energy loss. Tassan-Got's model reproduces very

well the Z variance, but it overestimates the N variance after the f'wst 25 MeV of

energy loss. The experimental correlation coefficient as a function of energy loss

shows a sudden increase to a value of about 0.5, then a slow linear growth towards a

value of 1.0. The models do not reproduce this behavior very weil; they show an

overallsmoothincreaseofthecoefficientwithincreasingenergyloss.

V.C.3 The system 35C1on 209Bi at 528 MeV

The <Z>, <iN>, and ratio <N>/<Z> for the primary distributions are shown

in Figure V.9. The discrepancies found in the predictions of <Z> and <N> for the

previous case (37C1 on 209Bi ) are qualitatively the same in this system. However,

there is a very good agreement between the ratios <N>/<Z> predicted by the two

models. The variances and correlation coefficients are shown in Figure V. 10. Both

models follow qualitatively the same trend. Tassan-Got's variances are always

smaller than Randrup's, and, as in the previous case, Randrup's variances increase

rapidly as they approach the Coulomb barrier(~ 298 MeV of energy loss) while

Tassan-Got's remain more or less constant, The correlation coefficients tend very

slowly to 1.0 in both ca_s, and there is not an important difference between models

up to about 200 MeV of energy loss. After that energy loss value, Tassan-Got's



Figure V.8

Experimental results (circles and squares) and model predictions for o'2z,

O'2N,and PNZcorresponding to the secondary distributions of the reaction

37C1on 209Bi at 270 MeV as a function of energy loss. The solid line

represents the results from Randrup's model and the dashed line represents

the results from Tassan-Got's. The circles and squares represent the results

after correcting the energy loss scale assuming equal and thermal division of

the excitation energy, respectively.
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37C1 on Z°SBi at 270 MeV
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Figure V.9

Model predictions for <Z>, <N>, and <N>/<Z> corresponding to the

primary distributions of the reaction 35C1on 209Bi at 528 MeV as a function

of energy loss. The solid line represents the results from Randrup's model

and the dashed line represents the results from Tassan-Got's. The horizontal

dotted lines represent the ratio N/Z of the projectile (bottom) and compound

system (top), respectively.
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FigureV.10

Model predictionsfor o2z, O'2N,andPNZ correspondingtotheprimary

distributionsofthereaction35CIon209Biat528 MeV asa functionofenergy

loss.The solidlinerepresentstheresultsfromRandrup'smodeland

thedashedlinerepresentstheresultsfromTassan-Got's.
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correlation coefficient remains more or less constant at about 0.5 while Randrup's

keeps increasing towards 1.0.

In Figure V. 11 the experimental values for <Z>, <N>, and the ratio

<N>/<Z> are compared to the model predictions. There are two sets of expe_nental

data shown, each corresponding to a different correction of the energy loss scale, as

in the previous case. Tassan-Got's model gives a better overall agreement with the

experimental <Z> than does Randrup's. However, both models fail to describe the

evolution of the experimental <IN> with energy loss. The ratio <N>/<Z> is

underestimated by both models. It is interesting to note that while the experimental

<N>/<Z> increases towards the composite system value (1.44) for the first 100 MeV

of energy loss, both models predict a more or less constant value around 1.10. This

is in contrast with the predictions for the system 37C1on 209Bi.

The comparison of model predictions to experimental variances and

correlation coefficients can be found in Figure V.12. Unfortunately, due to the

experimental problems described in Chapter II, the variances may have components

that are not accounted for. These components should contribute mainly to the low

energy loss part of the spectra, which corresponds to energies around the elastic peak

where the spurious contributions are observed. However, it is possible to compare

trends on the data with more confidence in the region of high energy loss.

The experimental variances increase up to about 100 MeV of energy loss

where they reach a maximum and start to decrease slowly, while both models predict

a steady increase of the variances with energy loss. This is an interesting feature that

is not observed in the other two systems. In the same energy region where the

variances reach a maximum, there is a sudden change in the slope of the average

values of N and Z as a function of energy loss. These findings seem to indicate that a

different type of mechanism is starting to surface at higher energy losses. A breakup
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Figure V.11

Experimental results (circles and squares) and model predictions for <Z>,

<N>, and <N>/<Z> corresponding to the secondary distributions of the

reaction 35C1on 209Bi at 528 MeV as a function of energy loss. The solid

line represents the results from Randrup's model and the dashed line

represents the results from Tassan-Got's. The circles and squares represent

the results after correcting the energy loss scale assuming equal and thermal

division of the excitation energy, respectively. The horizontal dotted lines

represent the ratio N/Z of the projectile (bottom) and compound system (top),

respectively.
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35C1 on 2°9Bi at 528 MeV

18 _ ' ' '....

-- I'''' I''' ' I''''1 ''' _

A .
_ 14" "
V "" "Q'- _... [3 -

0 ..... ..t_...__
0 ""--..C

12 -- o "

o o "

-''''I''''I'F I ,,I,,,,-lO-,,,,!,,,, i , :I :0,,i,,,_ _.20

A O
z 16 o
V "---...... 121

-"--... ..... Q .... []
14 .--" "-_._._

12-- "
- O --

- I I I --10 - k i i i i i i I I i l i i l l i l I I l l "

Ii,, , , l i I '' ' ' I'', , ,, , , I1.5 -- I I

_o .......... o .... ooo...° .... °= ............. .oo. .... = ........... ..o.=.............=.=..= .... 1_

v 1.4 .--

A "

z 1.3 -- o in ...z

v - 8Qo B m m :
1.2- o ooo _ m cD _

,_o 8 EI8°° m m.______.
I.I _

0 50 100 1,50 200 250

Eloss (MEV)

185



FigureV.12

Experimentalresults(circlesandsquares)andmodelpredictionsforo2z,

O'2N,andPNZ correspondingtothesecondarydistributionsofthereaction

35CIon209Biat528MeV asafunctionofenergyloss.The solidline

representstheresultsfromRandrup'smodelandthedashedlinerepresents

theresultsfromTassan-Got's.The circlesandsquaresrepresentthethe

resultsaftercorrectingtheenergylossscaleassumingequalandthermal

divisionoftheexcitationenergy,respectively.
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of the projectile-like fragment is a possible explanation for these observations; it

would explain both the narrowing of the variances and the sudden negative drifts in

<N> and <Z>. The experimental p is negative for the first 100 MeV of energy loss,

in disagreement with both models, which predict a sudden rise followed by a smooth

increase towards 1.0. However, it is not conclusive that there is anticorrelation, since

the negative value could be the effect of the mass resolution.

V.D SYSTEMATICS

Mass and chargedistributionshavebeen determinedas a function of energy

loss for a varietyof systems. The methodology andassumptionsemployed in these

determinationsare not unique,and this shouldbe takeninto considerationwhen

performingrigorousquantitativecomparisons. However, generalfeaturesandtrends

shouldbe fairlyindependentof theparticularmethod employedandcan be readily

compared. The charge and mass driftsarethe resultof drivingforces actingon the

dinuclearsystem. In principle,these forcesare producedby mass and charge

gradientsbetween the reaction partnersand,therefore,becomeevident in asymmetric

systems. On theother hand, the variancesarerelated to the totalnumberof nucleon

exchanges in statistical models, and reflect thenucleon mobility.

V.D.1MassandChargeEquilibration

lt is instructive to look at the experimental averages for Z and N

corresponding to different energy losses on the N-Z plane, as shown in Figure V.13

for the system 37C1on 209Biand in FigureV.14 for the system 35C1on 209Bi. A line

corresponding to the ratio N/Z of the composite system (dot-dash), and a [5-stability
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FigureV.13

Evolution of <N> and <Z> in theN-Z planefor thereaction37C1on 209Biat

270 MeV. The circles_present the experimentalvalues, thesolid and

dashedlines representRandrupandTassan-Got'spredictions,respectively.

Thelines correspondingto theprimarydistributionpredictionsaremarkedPR

andTP, respectively. The dottedline correspondsto the valley of [3-stability

andthe dotted-dashedlinerepresentstheratioN/Z of the compoundsystem.
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37CI on 2°9Bi at 270 MeV
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Figure V.14

Evolutionof _> and _ in theN-Z plane for the reaction35C1on 209Biat

528 MeV. The circlesrepresenttheexperimentalvalues,the solid and

dashed lines representRandrupandTassan-Got'spredictions,respectively.

The lines correspondingto the primarydistributionpredictionsaremarkedPR

andTP, respectively. Thedotted line correspondsto the valley of J3-stability

and the dotted.dashedline represents the ratioN/Z of the compound system.
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35C1 on Z°9Bi at 528 MeV
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...... h, , ,

line (dot) are included in the figures to serve as guides. The _-stability line was

obtained by plotting the most stable mass for each Z. Both systems show a strong

negative charge drift with production of neutron-richprojectile-like fragments. The

negative drift in <Z > of the projectile-like fragments has been observed in many

asymmetric systems in which the projectile has a lower N/Z ratio than the target [BEN

88, BRE79, BRE 83b, HOO 82, PEN 90, PLA 88, PLA 90, SAP 85]. This is

evidence of a net flow of protons from the projectile to the target. Likewise, the

increase in the N/Z ratio of the projectile-like fragments can be assigned to a net flow

of neutrons from the targetto the projectile. Observations made on the system 136Xe

on 56Fe, where the projectile has a higher ratio N/Z than the target, showed that the

<Z> of the projectile-like fragments increased while the <N> decreased [SCH 81].

The effect of the N/'Z ratio on the charge and mass drifts was studied by de

Souza et al. [SOU 88]. For a given target (238U) and for the same bombarding

energy per nucleon (E/A = 8.5 MEV), the charge drift was found to be strongly

correlated to the N/Z of the projectile: the smaller the N/Z of the projectile the larger

the negative drift. However, no such rigorous correlation was found for the case of

the neutron drift. It is interesting to compare the results of 58Ni (N/'Z = 1.07) and

64Ni (N/Z = 1.29) on 238U (N/'Z = 1.59), shown in Figure V.15.(a) and Co), to the

results of the asymmetric systems studied here, 35C1(N/Z = 1.06) and YlCI(N/Z =

1.18) on 209Bi (N/Z = 1.52), since they have similar N/Z. The products of 3"ICland

64Ni show a more or less linear and negative drift in <Z> and <N> from the initial

values of energy, loss. On the other hand, the products of 35C1and 58Ni show an

almost constant value for <N> for the first 100 MeV of energy loss and a negative

drift in <Z>. There is a strong correlation between the yields of products and the N/Z

ratio. These observations seem independent on the mass asymmetry parameter,
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Figure V.15

Average nucleon drifts for the reactions 40'48Ca, and 58'64Nion 238U at

E/A= 8.5 MeV as a function of energy loss. (a) <Z> - <Z>projectile and (b)

<N> - <N>projectile.The lines represent Randrup's model predictions after

corrections for evaporation. Reproduced from [SOU 88].
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defined as the difference of projectile and target mass, divided by the total mass of the

system.

The experimental evidence seems to indicate that charge equilibrates faster

than mass, and this explains the evolution of asymmetric systems towards larger

asymmetry. These observations are based on secondary distributions from which the

characteristics of the primary distributions are inferred. It is generally assumed that

the evaporation process occurs mainly via neutron emission and has a negligible

effect on Z. Therefore, it is implied that the <Z> of the secondary distribution is very

close to that of the primary. But, it can be argued that charged particle emission is an

important evaporation process, especially for lighter systems. However, the

production of neutron-rich projectile-like fragments, away from the _stability line,

seems to support the hypothesis on <Z>. Since evaporation favors the formation of

stable species, a neutron-rich secondary nucleus should originate via neutron

emission from a primary one with an even higher NrL ratio.

As seen in Figures V.13 and 14, the primary <Z> and <N> predicted by

Randrup's model show that mass tends to equilibrate faster than charge, which is

opposite to the experimental evidence. On the other hand, the predictions of Tassan-

Got agree, at least qualitatively, with the experimentally deduced trendfor the primary

<Z> and <N>. The <Z> and <N> predicted by both models after evaporation

corrections are also shown for comparison with the experimental secondary values.

In both cases, Tassan-Got presents a better qualitative agreement. Randrup's model

predictions have been compared to the experimental distributions for several

asymmetric systems [LOC 85, PEN 90, PLA 8S, PLA 90, WIL 89a]. The model

seems to always predict higher values for <Z> and <N> than the experimental ones.

Figure V.16 shows the evolution in the N-Z plane of the system 74Ge on 1651-10at

E/A - 8.5 MeV; in this case, the" experimental" primary distribution (circles) is
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FigureV.16

Evolutionof<N> and<Z> intheN-Z planeforthereaction74Geon 165Hoat

E/A = 8.5MeV. The solidlineisRandrup'spredictionfortheprimary

distributions,thesquaresarethemeasureddata,andthecirclesarethe

reconstructedprimarydistributions,from[PLA 90].
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reconstructed from the measured secondary distributions (squares), using the

coincident detection of the target-like recoil, and compared to Randrup'smodel (solid

line).

Tassan-Got's model is recent and, hence, it has not been compared to as

many systems as Randrup's. Tassan-Got performed comparisons to some of the

published data and found a good agreement with the predicted centroids [BOR 90].

In the systems studied here, Tassan-Got's predictions reproduce more or less the

trends of the experimental centroids, but fail to account for some of the details.

Calculations performed using the Tassan-Got code on the system 58Ni on 165Ho at

E/A = 16 MeV [PEN 90] showed that <Z> and <N> were significantly

underpredicted by the code, as seen in Figure V. 17. However, there is a good

agreement in the ratio <N>/<Z>.

V.D.2 Variances and Correlation Coefficients

The variances are related to the number of nucleon exchanges in the statistical

models, hence, they represent the nucleonic mobility and should not be very sensitive

to the driving forces. For different systems at E/A = 8.5 MeV of bombarding energy,

the Z and N variances measured as a function of energy loss were found to be in

fairly good quantitative agreement with each other [PLA 90, SOU 88]. The variances

measured here for the system 37C1on 209Bi at 7.3 MeV/A also show good agreement

with those of the systems at 8.5 MeV/A. Since the systems compared have very

different potential gradients on the N-Z plane, this finding supports the idea that the

variances are mainly related to the nucleonic mobility which should not differ too

much among different systems. In general, it is observed that the variance in Z is

smaller than the variance in N, roughly by a factor of 2.0. Randrup's model
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Figure V.17

Comparison of the <Z>, <N>, and <N>/<Z> values of the reaction 58Ni on

165I-Ioat FdA = 16 MeV to the predictions of Randrup's model (solid line)

[PEN 90], and Tassan-Got's model (dashed line) as a function of energy

loss. The horizontal dotted lines represent the ratio N/Z of the projectile

(bottom) and compound system (top), respectively.
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reproducedverywelltheexperimentalvariancesofthesystemsdiscussedinthe

previoussection,ltisalsoingoodoverallagreementwiththevariancesobserved

hereforthesystem37CIon209Bi(E/A = 7.3MEV). Tassan-Got'smodel

reproducesmoreorlessthevariancesofthelatter,butexhibitsadifferentfunctional

dependencefromRandrup's,especiallyathighenergyloss.

The correlationcoefficientisameasureofthemutualdependencebetween

neutronandprotontransfers.ValuesofPNZ > 0.0areassociatedwithcorrelated

exchangeofneutronsandprotonsconstrainedtothevalleyof]3-stability.A valueof

PNZ < 0.0wouldimplythatthechargeexchangeisanticorrelated,andavalueofPNZ

= 0.0signifiesthatchargeandmassexchangeareindependentofeachother.The

generaltrendintheevolutionofthecorrelationcoefficientasafunctionofenergyloss

isa sharpinitialincreasefollowedbya smoothgrowtowards1.0.Thisindicatesthat

thechargeandmassexchangesbecomemorecorrelatedwithincreasingenergyloss.

Some systemsshownegativecorrelationcoefficientsatlowenergyloss.However,it

hasbccnpointedoutthat,atlow energyloss,thiscouldbeexplainedasaneffectof

reactionQ-values,and/orthesmallnumberofspeciespresent[BRE 83b,PLA 88,

PLA 90].
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CHAPTER VI CONCLUSIONS

The deep-inelasticreactionscorrespondingto the systems 37CIon 40Caand

209Biat F.,/A:=7.3 MeV, and 35C1on 209Bia_E/A = 15 MeV have been studied. The

projecKle-li_)fragmentswerecompletelycharacterizedin termsof mass, charge,and

energy. Mass andchargedistributionsweredeterminedforall threesystems as a

functionof energy loss in theN-Z plane. These distrib_,_fionswere characterizedin

termsof theircentroids(<_> and<Z>), variances (_ and _Z) andcoefficients of

correlation(PN73.Two methods ,_.,e employed to determinethese parameters:

Gaussiantit and momentanalysis. For the most part,no significantdifferenceswere

found between the resultsof both methods, and, in the cases of disagreement,the

meaning of the parametersis questionable.

Forthe _ahnostsymmetricsystem 37C1on _Ca, the evolution of <N>, <Z>,

and varianceswith energy loss seems consistentwith a stochasticexchange of

nucleons. The driftin the centroidscanbe explainedby evaporativeprocesses

following the productionof the primaryfragments. The variancesincreasewith

energy loss as would be expectedfromanincreasingnumberof nucleonsexchanges.

However, athighenergy loss, the variancesaremuchhigherthanthose expected

froma nucleonexchangemechan;sm. The behaviorof the ratio<N>/<Z> is

indicative of charge equilibration,reachingthe value of the composite system (1.08)

at about 60 MeV of energyloss. There is a strongcorrelationbetween N andZ

which showsthattheexchangeis constrainedby Q-valueconsiderationsto the valley

of _-stability.

A verystrikingfeatureof the asymmetricsystems studiedhere is the verylow

yield of productswith Z higher than the projectile. As mentioned in ChapterV, the

strongnegativedriftin <Z>,accoml_nied by the fommtion of neutron-richnuclei,
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indicatesanetflowofchargetowardsthetargetandofneutronstowardsthe

projectile.ItisimportanttonotethatsuchatrendisagainsttheCoulombpotential,

andanindicationoftheimportanceoftheratioN/Z ofprojectileandtargetin

determiningtheunderlyingdrivingforces.A qualitativecomparisonoftheevolution

of<N> and<Z> withenergylossfortheprojectiles37CI(N/Z= 1.18)and35CI(N/Z

= 1.06)givesadditionalsupporttothispoint.Bothcasesshow adecreasein<Z>

fromtheveryinitialvaluesofenergyloss.However,the35CIproductsmaintaina

constant<N> overawiderangeofenergylosses,whilethe<N> ofthe37CI

productsdecrease.Theseobservationsagreewiththoseofthesystems58Niand

64Nion238UatE/A = 8.5MeV [PLA 88]which,when compared35CIand37CIon

209Bi,havesimilarratiosN/Z,butdifferentasymmetryparameters.Itwouldappear

that the N/Z ratios of the projectile and targetplay a major role in determining the

product yields.

The evolution of the variances for the system 37C1on 209Bi is in good

agreement with other asymmetric systems, and with the predictions from a nucleon-

exchange mechanism. Despite the mass resolution problems, the variances of the

system 35C1on 209Bi seem to indicate the same trendat low energy losses.

However, after the first 100 MeV of energy loss, the variances show a sudden

decrease, contrary to what would be expected from a pure nucleon exchange

mechanism, lt is postulated that a breakup mechanism of the projectile-like fragment

could explain this focusing effect. The coefficient of correlation increases with

energy loss for the system 37C1on 209Bi, as expected from a correlated nucleon

exchange process. In the 35C1on 209Bi system, it is difficult to interpret the negative

value of this coefficient in the lh'st 100 MeV of energy loss as anticorrelation, since

this could be an effect of the poor mass resolution. However, negative coefficients of
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correlationhave beenreportedatvery low energy losses fordifferent systems [BRE

83, PLA 88, PLA 90], but anticorrelationwas not conclusive.

Stochasticnucleon-exchangemodels have beenrelativelysuccessful in

reproducingsomeof thefeaturesof the deep-inelasticreactions. The good agreement

generallyfound betweenthe experimentalandpredictedvariancessupportsthe

nucleonexchange mechanismfor these reactions. However, the mass and charge

drifts arenot properlyaccountedfor. In this type of mechanism,the variances are

directlyproportionalto the sumof the 0arge)nucleoncurrentsbetween the projectile

and target,and the driftsareproportionalto theirdifference _ 85]. As a

consequence, the driftsaremore sensitive to thedetailsof the underlyingpotential.

The two models used here reproducethe mass and chargedriftof the almost

symmetricsystem veryweil, butthey both underestimatethe variancesathigh energy

loss. Randrup'smodel overpredicts<N> and <Z> for the asymmetric systems,

while Tassan-Got'smodelgives a better qualitativeagreementwith the data, but still

fails to account for the details. The variancesof the asymmetricsystems are in overall

agreementwith the predictionsof both models.

It is interestingthat two models that arevery similarin their physical

foundations predictsuch differenttrendsfor the mass and charge driftof asymmetric

systems. According to Tassan-Got, the main differencebetween the two models is

Ran&up's use of the Lagrangianto derive the drivingforces;the inclusion of kinetic

termsin the potential (in particularrotationalenergy) that are not present in his

description explains the discrepancy. However, calculations performedby R. de

Souza (IndianaUniversity) on the system 35C1on 209Biseem to indicate that angular

momentum does not have a great effect on the potential gradientin the N-Z plane. D.

Pal et al. [PAL 90] concluded that the inclusion of trajectoryfluctuations in their

calculations resulted in a muchbetter agreementwith the experiment than the use of
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the mean trajectorymethod (Randrup'smodel). It has also beensuggested that the

considerationof non-Markovianeffects (meaningthat the microscopicdegrees of

freedomarenotinequilibriuminthetimeframeofthemacroscopicones)canalso

giveabetterdescriptionoftheexperimentaldata[PAL88].Overall,thisstressesthe

needforamorerealisticandquantitativedescriptionofthedrivingforcesactingon

the dinuclearsystem.

It is apparent that, while there is a basic understandingof the deep-inlastic

process,thereis still aneed formore detailed experimentsto be able to reconstruct

thesereactionswith a minimumof assumptions. Unfortunately,theattemptto

measurelight-chargedparticlesin coincidence with projectile-likefragmentsfor the

system35C1on 209Bigave inconclusiveresults,eliminatingan interestingpiece of

information. Ingeneral,coincidence measurementsof projectile-likeand target-like

fragmentscombined with the determinationof evaporationproductsare necessaryto

provide new insightsin thesereactions. Recentexperiments suggestthat deep-

inelasticprocesses also occurat intermediateenergies(of the orderof the Fermi

energy E/A ~ 37 MeV)[BOR 88, TAS 89, BOR 90]. Hopefully, this will provide a

renewed interest in the study of the deep-inelastic mechanism.

206



APPENDIX A PARAMETERS OF THE DISTRIBUTIONS

Table A.1 Parameters obtained using a moment analysis for the system 37C1 + 40Ca
at 270 MeV. The energy loss (Eloss) values have been corrected assuming equal
division of the excitation energy.

i ii i

Eloss(MeV) <Z> <N> Oz2 oN2 p
- 8 ..... 16.94 19.53 .400 .70_i -.490

+.12 "+'.14 :t:.010 :t:.016 :!:.001
12 16.83 19.49 .586 1.085 -.204

+. 16 4-.18 -+.014 4-.025 4-.001
16 " 16.79 ..... 19'_16 .770 ..... 1.321 .021

:t:.21 +.24 :t:.022 +.038 -+.001
20 16.75 18.94 1,012 1.49_ .250

:t:.26 +.29 +.032 -+.050 4-.001
.... 24 ...... 16.70 18.79 1.178 1.820 .374 "

:t:.30 +.34 +.042 :t:.069 +.001
28 16.65 18".'65 1.394 2.375 .480

-+.34 4".38 :I:.057 4".100 4".002
H ,iii 1,1 i

32 16.57 18.43 1.786 3.067 .603
4".37 4".41 4".079 4".141 4".003

36 ...... 16.45 '18'_5 2.196 3.550 ' ' .710'
__+.37 4".41 :t:.097 :t:.154 -+.004

li i ii

40 16.40 18.11 2.578 4.003 .762
::!::.36 4".40 -+.106 '+.168 4".005

' 44 .... 16.35 18.02 3.095 4.657 .803
4".34 4".37 +.119 4".179 4".005

.... 48 ..... 16.22 17.80 3.850 5.793 .833
-+.32 +.35 4".140 4".213 4".006

52 16.13 17.66 _.667" 6.71_; .864
:t:.30 4".33 _+.156 4".225 4".006

56 16.02 17.52 5.627 ' 7.934 .887
_+.28 4".31 +.175 +.248 4".007

60 15.88 17.34 ..... 6.512 '8.911 .901
-+.27 :t::.30 :t:.194 4".266 4".007

64 15.8"i 17.24 7.536 10.446 .919
-+.27 4".29 4".215 +.298 -+.008

'68 ...... 15.66 17.07 8.638 11.83'8 .932
_+.26 _+.28 +.232 4".322 :t:.008

" 72 15.54 16.9_ 9.866' 13.470 .939
-+.26 4".28 4".262 :t:.361 4".009

' 76 15.39 16.8i 10.673 14.676 .945
-+.26 -+.29 -+.283 +.396 ::!:.010

.... 80 ...... 15.26 ' 16.71 f'1.57i 15.908 .951
-+.27 -+.30 __+.316 :!:.440 -+.012

.....84 ........ 15.22 16.67 12.123 16.984 .953
:1:.29 -+.32 :t:.348 -+.495 +.014

i i i | .........
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- 88 15.17 16.67 12.532 17.594 .956
+.32 -!-.35 +.396 +.564 -+.017

92 15.26 16.77 12.915 18.340 .957
+.36 +.40 __+.454 +.654 +.022

96 15.27 16.84 12.835 18.446 .956
-+.42 -+.46 -+.527 +.772 +.030

100 15.37 17.04 11.919 17.557 .955
-I-.50 -+.56 -+.572 +.863 5:.039
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Table A.2 Parameters obtained using a Gaussian fit for the system 37C1 + 40Ca at
270 MeV. The energy loss (Eloss) values have been corrected assuming equal

division of the excitation ener_),.

Eloss(MeV) <Z> <N> Oz2 ON2 p
8 17.12 19.67 .237 .289 .073

+.05 +.08 ±.021 :1:.026 +.065
12 16.97 19.60 .345 .596 .152

+.05 :t:.08 :t:.023 ±.036 ±.043
16 16.96 19.26 .617 .921 .375----

±.05 ±.08 ±.025 ±.033 ±.025.
20 16.91 19,02 .919 1.142 .559

+.05 ±.08 ±.029 ±.034 ±.016
24 16.84 18.89 1.104 1.388 .660 -

±.05 ±.08 ±.034 ±.041 ±.014
28 16.79 18.71 1.310 1.859 .725

........ ±.05 ±.08 ±.040 ±.053 +.011
32 16.69 18.51 1.713 2.404 .799

±.05 ±.08 ±.047 ±.063 ±.008
36 16.57 18.26 2.142 3.079 .860

±.05 ±.08 ±.055 ±.075 ±.006
40 16.47 18.14 2.635 3.630 .883

±.05 ±.08 ±.047 ±.063 ±.004
44 16.42 18.00 3.296 4.460 .906

±.06 ±.08 ±.079 ±.105 ±.004i

48 16.31 17.82 3.812 5.250 .921
±.06 ±.08 ±.078 ±.105 ±.003

52 16.22 17.69 4.'737 6.401 .934 -
±.06 ±.08 ±.092 ±.122 ±.002

56 16.12 17.56 5.776 7.842 •948
±.06 ±.08 ±.109 ±.146 ±.002

60 15.94 17.35 6.801 9.102 •955
±.06 ±.07 ±.092 ±.122 ±.001

64 15.84 17.23 8.231 10.959 .964
±.06 ±.08 ±.170 ±.225 ±.001

68 15.65 17.02 9.849 13.087 .969
±.07 ±.09 ±.211 ±.279 ±.001

72 15.48 16.83 11.955 15.921 .974 --
±.07 ±.09 ±.274 ±.364 ±.001

76 15.25 16.60 13.875 18.819 .976
±.07 ±.10 ±.350 ±.474 +.001

80 14.98 16.29 16.607 2'2.320 .981
±.09 ±. 11 ±.493 ±.662 ±.001

84 14.83 16.'12 18.366 25.187 .982
±.09 ±. 12 ±.586 ±.804 ±.001

88 14.66 15.94 20.409 27.848 .985--
±.10 ±.13 ±.721 ±.986 ±.001

92 14.71 15.98 21.889 30.254 1985
±.11 ±.14 ±.881 ±1.129 ±.001
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i

96 14.78 16.08 21.385 29.989 .986
+.10 ::t:.12 +.664 ::t:.932 +.001

100 15.15 16.54 16.850 24.016 .982
::t:.11 +.13 +.709 ::!:1.011 +.001

i
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Table A.3 Parameters obtained using a moment analysis for the system 37CI + 209Bi
270 MeV. The energy loss (Eloss) values have been corrected assuming equal

div!sion of the excitation ener_7.

Eloss(MeV) <Z> <N> °z 2 ON2 p
8 16.69 20.22 .370 ......1.287 -.337

"1-.21 +.26 +:.015 +:.038 +:.001
12 16.41 20.16 .491 1.114 -.088

+:.23 +:.28 :t:.018 +.042 +:.001
16 16.37 20.13 .503 i.290 -.016

+.24 +:.30 "t".019 +.058 +.001
20 16.28 20.08 .643 ......1.648 .142

+:.26 +:.32 +:.025 +:.065 +.001
24 16.08 19.94 .813 1.793 .213

+:.26 +:.32 +:.027 :t:.071 +:.001
28 15.94 19.80 .901 2.056 .236

+:.26 +:.32 +:.030 :t:.081 +.001
32 15.85 19.71 .919 2.135 .305

+:.27 +:.33 +:.033 +:.084 +:.001
36 15.80 19.62 .978 2.380 .312

+:.28 +:.35 +:.037 +.104 +:.001
40 15.71 19.47 1.083 2.740 .363

+:.30 +:.37 +:.044 +.142 +:.002
44 15.57 19.38 i.175 2.642 .430

+:.31 +:.39 +:.050 :1:.136 +.002
48 15.53 19.30 1.272 2.849 .483

+:.33 +:.42 +:.057 +:.143 +:.003
52 15.40 19.15 1.304 2.832 .510

+:.35 +:.44 +:.063 +.152 +.003
56 15.27 19.01 1.427 3,074 .558

+:.37 +:.46 +:.071 -I-.165 +:.004
60 15.14 18.85 1.620 3.653 .578

+.41 +:.51 +:.091 :t:.211 +:.006
64 14.96 18.67 1".'771 3.806 "" .653

+:.43 +:.54 -I-.109 :!:._251 +:.010
68 14.97 18.65 1.998 4.4'68 .706

+.46 +.58 +.127 +.324 +.013
72 14.77 18.48 2.034 4.642 •707

+:.48 +:.60 +.138 :1:.339 +.015
76 14.63 18.26 2.031 5.004 .722

+:.53 +:.66 +:.156 +.418 +.020
80 14.60 18.14 2.657 6.075 .787

+:.56 +:.70 +:.204 :t:.482 +:.025
84 14.40 18.03 2.717 5.995 .787

+.61 +:.76 +:.227 :1:.565 +.033
88 14.15 17.77 2.869 6.598 .799

+.69 +:.87 :t=278 +.720 +.050
92 13.80 17.24 2.712 ....... 5.8i8 .767

+.74 +.93 +:.294 -I-.749 ::t:.057
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i

96 13.93 17.46 3.260 7.357 .852
+.82 +1.03 +.386 +.939 -t-.080

100 13.32 16.72 2.739 5.094 .829
-t-.90 :i:1.13 ::!:.406 +.880 :t:.105II
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Table A.4 Parametersobtainedusing a Gaussianfit for the system37C1+ 209Bi at
270 MeV. The energyloss (Eloss) valueshave been correctedassumingequal
division of the excitationenergy. ....
Eloss(MeV) <Z> <N>

oz 2 ON2 P
I I

8 16.79 20.35 .219 .809 .065
4..06 4..11 +.021 +.079 4-.073

12 16.54 20.25 .448 .510 -.181
4-.05 :1:.07 4-.080 4-.158 4-.191

16 16.51 ' 20.30 .367 .580 .397
4-.06 4-.08 4-.022 4-.033 4-.036

20 16.42 20.22 .50'1 1_018 .410
4-.05 4-.08 4-.017 4-.030 4-.020

24 16.16 20.06 ..... .697 1.197 ' .416
4-.06 4-.09 4-.034 4-.050 4-.028

i i

28 16.02 19.91 .773 1.356 .462
4-.06 4-.09 :t:.039 4..059 4..027

32 15.92 19.78 .783 1.488 .438 '
4..06 4-.09 4-.040 4-.064 4-.028

36 15190 19.68 .... .838 1.678 .490
4-.06 4-.09 4-.040 4-.070 :t:.025

i ii|li i li li

40 15.81 19.53 .903 1.774 .563
4..06 4-.09 4-.044 4-.075 4-.024

44 15.65 19.41 .953 1.863 .594
4-.06 4-.09 4-.048 4-.081 4-.024

48 15.55 19.34 1.033 1.946 .554
4-.06 4-.09 4-.049 4-.080 4-.024

52 15.45 19.18 1.080 2.109 .618
4-.06 4-.10 4-.054 4-.093 4-.023

iii i

56 15.34 19.00 1.167 2.329 .627
4-.06 4-.10 4-.058 4-.102 4-.022

60 15.15 18.91 1.304 2.753 .670
4-.07 4-.10 4-.067 4-.120 4-.021

64 14.96 18.58 1.297 2.607 .686
4-.07 4-.10 :1:.068 4..123 4..021

i ii

68 15.02 18.57 1.615 2.971 .746
4..07 4-.11 4-.085 4-.141 4-.018

72 14.78 18.26' 1.498 2.972 •743
4-.070 4-.11 4-.085 4-.155 4-.019

76 14.67 18.16 1.572 3.276 .771
4-.073 4-.11 4-.099 4-.183 4-.020

80 14.68 17.99 2.325 4.645 .838'
4-.09 4-.14 +.140 4..261 4..015

84 14.48 17.97 2.401 4.609 .836
4..09 4-.15 4-.149 4-.263 +.016

88 14.12 17.67 2.41'3 4.954 .843
4..09 4-.16 4-.169 4-.327 --..016

aral i

92 13.73 17.05 2.096 3.640 .762
4..09 4-.14 4-.161 4-.255 4-.026

i
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m
i

96 13.79 17.20 2.303 5.253 .866
....... 5:.10 +.17 +.188 5:.399 +.017

100 13.17 16.42 1.425 2.343 .823
5:.09 +.15 5:.151 5:.237 5:.028
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Table A.5 Parameters obtained using a moment analysis for the system 37C1 + 209Bi
270 MeV. The energy loss (Eloss) values have been corrected assuming thermal

divisionoftheexcitationenergy,.

Eloss(MeV) <Z> <N> °z 2 °N 2 p
li i Iii

8 16.73 20.22 .343 1.294 -.382
+.20 :t:.25 :!:.014 +.048 4..001

12 16.44 20. i4 .462 1.104 -.i97
:!::.24 :t:.29 4..017 4..040 :f.001

16 16.37 2'0.17 .505 1''1258 -.031
+.25 +.31 -I,.019 :t:.052 ::1:.001

20 16.33 20.09 .611 1.375 .035
:t:.27 :t:.33 +.024 4..059 :1:.001

i

24 16.16 20.00 .801 1.695 .201
4..27 :t:.34 4..029 4..069 4..001

28 16.04 19.89 .892 1.812 .241
+.27 -1-.34 :t:.032 4..074 4..001

i

32 15.95 18.80 .919 2,033 .267
4..28 +.34 ::!:.032 4..081 4-.001

36 15.86 19.70 .938 2.233 .288
4-.28 4..35 4..036 4-.093 4..001

40 15.82 1'9.64 1.035 ' 2.379 .372
4..30 4-.37 4-.040 4-.105 4-.002

44 15.72 19.52 i.072 2.556 .419
4-.31 4-.39 4-.045 4-.120 4-.002

48 15.67 19.38 1.214 2.797 .395
4-.33 4-.40 4-.052 4-.150 4-.002

52 15.55 19.30 1.240 2.887 .431
4-.34 4-.43 4-.057 4-.168 4-.003

56 15.48 19.21 1.332 2.969 .546
4-.36 4-.45 4-.064 4-.156 4-.004

i illll

60 15.37 19.09 1.463 3.162 .521
4-.38 4-.47 4-.073 4-.185 4-.004

64 15.28 18.98 1.508 3.405 .574
4-.40 4-.50 4-.082 4-.203 4-.006

68 15.12 18.82 1.743 3.751 .663
4-.43 4-.54 4-.099 4-.233 4-.008

72 14.99 18.66 1.882 4.060 .659
4-.47 4-.59 4..122 4-.291 4..012

76 14.94 18.60 2.000 4.370 .726
4..48 4-.59 4-.132 4-.322 4-.014

80 14.87 18.56 2.295 5.357 •750
4-.51 4-.64 4-.159 4-.322 4-.010

84 14.73 18.38 2.236 5.113 •769
4-.55 4-.69 4-.172 4-.470 4-.025

88 14.55 18.13 2.653 6.048 .770
4-.58 4-.72 4-.209 4-.497 4-.026

92 14.52 18.15 3.142 7.041 .807
4-.63 4-.78 4-.262 4-.655 4-.039i
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96 14.30 17.88 3.171 6.988 •787
:t:.69 +.87 +.298 :t:.770 4-.052

100 13.89 17.36 2.715 6.000 .800
+.77 +.97 +.296 +.744 +.059

inl i i

216



Table A.6 Parameters obtained using a Gaussian fit for the system 37CI + 209Bi at
270 MeV. The energy loss (Eloss) values have been corrected assuming thermal
division of the ('×citation ener_,_/1.

Eloss(MeV) <Z> <N> az2 ON2 p
8 16.79 20.35 .193 .716 .041

+.05 +.08 +.009 +.031 +.036
12 16.55 20.41 ' .233 .408 .397

+.05 +.08 +.010 +.018 +.026
16 16.51 20.35 .331 .542 .425

+.05 +.08 +.013 -+.019 +.022
20 16.44 20.21 .469 .846 .335

..... +.06 +.09 +.025 +.041 +.033
24 16.23 20_16 .687 1.119 .455

+.06 +.09 +.033 +.047 +.027
28 16.11 20.02 .741 1.231 .467

:I:.06 +.09 +.035 +.050 +.026
32 16.04 19.90 .781 1.430 .503

+.05 +.08 _.+.027 :I:.044 +.019
36 16.96 19.75 .813 1.487 .474

+.06 +.09 +.042 +'.066 +..028
40 15.88 19.74 .894 1.653 .520

+.06 +..09 .:.041 +.067 +.024
44 15.80 19.57 _924 1.822 .601

.... ±.06 +..09 +..043 +..074 +..022
48 15.75 19.46 .1.043 1.914 .582

4-,06 +.09 +..050 +..082 +..023
52 15.63 19.31 1.038 i.902 .58_

+.06 +..09 +..049 +..080 +..023
56 15.55 19.25 1.156 2.292 .641

+.06 +..09 +..051 +..087 +..019
60 15.42 19.01 1.164 2.361 .658

---__ +..06 +.10 +.058 +..103 :t:.O?_i
64 '15.39 19.04 1.390 2.690 .684"---

+.06 +..10 +'065 +. 113 +.019
68 15.28 18.79 1.632 3.082 •751

+.07 +..11 +..082 +..140 +..017
72 15.07 18.58 1.656 2. 740 .698

+..07 +..11 +..090 4-.134 +.021
76 14.96 18.50 1.'626 3.116 .769

+.07 +.11 +..088 +..153 +.018
80 14.87 18.42 1.852 3.689 .792

. +.08 +.12 +.105 +..196 +.017
84 14.7'_- 18.19 1.871 3.262 .788

+.08 +..12 +..112 +..179 +..020
88 14.60 18.05 2.249 4.369 .829 --

+.08 +..13 +.142 +..258 +..017
92 14.57 18.09 2.934 5.402 .863

+..10 +.16 +..187 +..321 +.014
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96 14.33 17.57 2.427 4.350 .830
+.10 +.14 +.169 +.290 -!-.019

100 i4.00" 17.11 2.186 4.297 .824
__+.10 +.16 +.176 +.310 +.021m ,i
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Table A.7 Parameters obtained using a moment analysis for the system 35C1 + 209Bi
528 MeV. The energy loss 0Sloss) values have been corrected assuming equal

division of the excitation energy.

Eloss(MeV) <Z> <N > °z 2 ON2 p
I

10 16.49 18.40 .950 4.991 -.370
+.06 ±.07 ±.007 ±.040 +.001

20 16.20 18.36 1.102 5.525 -.297
+.08 ±.09 ±.010 ±.054 ±.001

30 15.94 18.20 1.247 6.143 -.292
+.10 ±.11 ±.014 ±.073 +.001

40 15.73 18.09 1.440 6.750 -.309
2:.11 2:.13 +.018 2:.094 2:.001

50 15.49 18.17 1.628 6.385 -.264
2:.13 2:.15 2:.024 2:.106 2:.001

60 15.32 18.33 1.737 5.386 -.228
2:.14 2:.17 2:.028 2:.100 2:.001

70 15.21 18.33 1.955 5.233 -.187
2:.15 2:.19 2:.034 2:.108 2:.001

80 15.19 18.27 2.236 5.551 -. 158
2:. 17 2:.20 2:.041 2:.125 2:.001

90 14.92 18.22 2.193 5.'840 -.070
+.19 2:.23 +.048 +.148 +.001

100 14.62 18.19 2.057 5.505 .077
2:.22 2:.27 2:.053 2:.152 2:.001

110 14.50 18.09 2.171 6.134 .189
2:.24 2:.29 +.044 +. 128 2:.001

130 14.14 17.62 2.210 7.260 .301
2:.20 +.25 2:.055 2:.176 2:.001

150 13.62 16.69 1.944 7.856 .291
2:.22 2:.27 +.058 2:.248 2:.002

170 13.16 15.83 1.829 7.051 .278
2:.25 2:.30 2:.065 2:.272 ±.003

190 12.56 14.64 1.655 5.979 .210
2:.29 +.34 2:.070 +.298 2:.003

210 11,89 13.33 1.486 5.i70 .164
2:.35 2:.39 2:.079 2:.311 +.003

230 11.12 11.78 1.566 4.814 .203
2:.45 2:.48 2:.118 2:.400 2:.006
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Table A.8 Parameters obtained using a Gaussian fit for the system 35C1 + 209Bi at
528 MeV. The energy loss (Eloss) values have been corrected assuming equal
division of the excitation energy.
Eloss(MeV) <Z> <N> 2

Oz ON2 P
10 16.52 18.51 1.080 4.602 -.356

:t:.06 +.09 +.033 +.125 :t:.018iri

20 16.23 18.40 1.193 5.366 -.269
+.05 +.08 +.019 +.074 +.010.i

30 16.07 18.16 1.310 5.672 -.283
+.05 +.08 :!:.017 ±.062 ±.008Bill

40 15.80 18.14 1.489 6.491 -.298
±.05 ±.08 ±.021 ±.073 ±.009

50 15.57 18.33 1.656 6.051 -.251 ,
:k.05 ±.08 ±.024 ±.069 ±.009m|J i

60 15.43 18.44 1.785 4.980 -. 196
±.05 ±.08 ±.025 ±.060 ±.009

70 15.23 18.41 1.949 4.740 -.156
±.06 ±.08 ±.041 ±.085 ±.014

80 14.81 18.79 2.279 5.099 -.132
±.05 ±.07 ±.017 ±.029 ±.005

90 14.96 18.27 2.206 5.405 -.005
±.06 ±.09 ±.056 ±.113 ±.017

100 14.73 18.25 2.084 4.951 .133
+.06 ±.08 ±.040 ±.088 ±.012

110 14.28 18.69 2.286 5.956 .249
±.06 ±.09 ±.058 ±.145 ±.016

130 14.29 17.90 2.351 7.174 .352
±.06 ±.10 ±.067 ±.214 ±.017

150 13.76 16.77 1.996 7.290 .307
±.06 ±.11 +.062 ±.212 ±.020

170 13.11 16117 1.732 5.515 .242
±.06 ±.10 ±.053 ±.159 ±.020

190 12.62 14.75 1.683 4.923 .204
±.07 ±. 10 ±.061 ±. 161 ±.024

210 11.76 13.64 1.616 4.757 .195
±.07 ±. 11 ±.078 ±. 195 ±.031

230 11.28 11.70 1.64 1 4.351 .250
±.08 ±. 12 ±.090 ±. 199 ±.036
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Table A.9 Parameters obtained using a moment analysis for the system 35C1 + 209Bi
528 MeV. The energy loss (Eloss) values have been corrected assuming thermal

division of the excitation energy.

Eloss(MeV) <Z> <N> °z 2 °N 2 pIii

10 16.55 18.33 .923 4.894 -.392
+.07 +.07 +.007 4-.041 4-.001iii

20 16.35 18.41 1.046 5.138 -.319
+.08 +.09 4..010 4..051 4..001

30 16.13 18.32 1.169 5.537 -.285
4-.10 +.11 4-.013 4-.065 4-.001

40 15.92 18.21 1.280 5.939 -.293
4-.11 +.13 4-.016 4-.081 4-.001

50 15.74 18'.'13 1.449 6.412 -.307
4-.12 4-.14 4-.020 4-.099 4-.001

60 15.57 18.07 1.610 6.732 -.292
4-.14 -4-.16 4-.025 4-.117 4-.001

70 15.41 18.16 1.715 6.215 -.265
4-.15 +-.18 +..029 4-.122 4-.001

80 15.31 18.26 1.797 5.423 -.230
+.16 +..19 4..033 +..117 ::!:.001

90 15.22 18.30 1.971 5.218 -. 172
4..17 +.21 +..039 +.121 4-.001

100 15.23 18.30 2.278 5.423 -. 158
4-.19 +..22 +..046 4-.135 4-.001

110 15.06 18.15 2.291 5.734 -. 1_23
.... 4..20 +..25 +.036 +..109 4-.001

130 14.63 18.08 2.154 5.930 .088
4-.17 +..22 +..044 +..130 4-.001

150 14.34 17.90 2.287 7.103 .255
4-.20 +..26 +..058 +..174 +..001

170 13.96 17.26 2.056 7.513 .276
4-.23 +.28 +..061 +.221 4-.002

190 13.51 16.36 1.766 ' 7.153 .215
+.25 +..30 +..060 +..264 4..002

210 13.05 15.50 1.697 5.637 .138
+..27 +..33 +..066 +..244 4..002

230 12.36 14.39 1.300 4.674 .024
4..31 +..37 4-.060 +..241 4-.002
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Table A.10 Parameters obtained using Gaussian Fit for the system 35CI + 209Bi at
528 MeV. The energy loss CEloss)values have been corrected assuming thermal

division of the excitation energy.

Eloss (MEV) <Z> <N > az 2 aN2 p
10 16.54 ' 18.48 1.046 4.472 -.376

+.06 ±.10 -I-.034 +.133 -t-.019
20 16.38 18.56 i.156 4.991 -.290

....... +.05 +.08 +.021 +.083 +.011
30 16.01 18.47 1.244 5.064 -.277

+.05 +.08 +.018 +.064 +.009i

40 15.83 18.42 1.344 +5.567 -.285
+.05 -I-.08 +.018 +.063 ::1:.008

50 15.'67 18.22 1.511 6.173 -.300
±.05 ±.08 ±.021 ±.070 +.009

60 15.40 18.35 1.653 6.505 -.287
±.05 ±.08 ±.024 ±.079 ±.010

70 15.56 18.39 1.755 6.020 -.233
±.05 ±.08 ±.027 -1-.074 +.010

80 14.99 18.78 1.812 4.840 -. 197
±.06 ±.08 ±.037 ±.085 ±.014

90 14.95 18.64 1.972 4.722 -. 134
+.05 ±.08 ±.030 +.063 +.010

100 15.24 18.42 2.331 5.101 -.132
±.06 ±.09 ±.061 ±.106 ±.017

110 15.14 18.30 2.345 5.450 -.072
±.06 ±.08 ±.039 ±.071 ±.011

130 14.74 18.29 2.219 5.452 .174
±.06 ±.09 ±.054 ±.127 +.016

150 14.89 17.78 2.378 6.921 .321
±.05 ±.07 ±.020 ±.063 ±.005

170 13.76 17.98 2.112 7.570 .336
±.07 ±.10 ±.066 ±.238 ±.019

190 13.51 16.48 1.657 5.489 .145
±.06 ±.10 ±.053 ±.165 ±.022

210 13.21 15.87 1.685 4.783 •167
±.06 ±.10 ±.056 ±.150 ±.023

230 12.11 14.94 1.420 4.095 .087
±.07 +.10 ±.061 ±.144 ±.027
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