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@ ’ " ABSTRACT C SN «

The highly 1nclast1c~nuclear reactmn of 7l\u with 20\‘0 at

" J 175 and 252°MeV laboratory encrgles 1s studled Enr‘rg\' /elemcntal-
. % and angular distributions for atomic numbers 5 to 30 [17:, MeV) or
34 (752 MeV) arc presented, o ‘{\,
. S ’ Thc means al widths of the kinetic energy spectra for detected

elements arc compared with a theoretlcal caleulation. The calculation

postulates thermalizatjon of the incident projectile kinetic energy,

r and includes one shape- v1brat10nal degree of freedom and rlglr"rotatlon
/
of the reaction complex. “The effect of part1cle evaporat:lon is
]
considered. Good aqre._;\ent“of the experimental mean enerl,:.es‘wnh

the theory is obtamed | Poorer agreement of the kinetig energy widths

with the theory may be ‘ Je to a low- temperature quantal effect. ==

/The relative eleme\tal ylelds are analyzed for their degree of
cqulll(:ratmn based on a model of? _hffuswc nucleon exchange as
described by the master equation. A similar degree of equilibration
is observed for both reaction energies. The absolute elemental yields
are reproduced quahtatwely by employing an advanced diffusion code,
coupled with calculation of the subsequent fission of heavy reaction
products,\%ncludmg the conpound nucleus.

The angular distributions are analyzed with a simple model,

to-estimate the reaction 1ifetime of selected elements,
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= Chapter 1. Introduction - L ' Qﬁ% ”

Viewed from a n15tor1ca1 perspectlvc ‘a dxst1nct1ve and
S =
exacting feature of modern science” is its overwhc}m1ng commitment
to the process of 1nduct10n. Contemplat1ve deduction -- the View
I

from the mounta1n top -- is relegated to a quite small though

crucial segment of the sc1ent19t s"Sndeavor. Needle-1%§e
. . X

specializaﬁion is a direct'resﬁ]t of the contemporary in&Estigator's
thorough skepticism of his ablllty”to understand the phy51cal

o8
vorld from his 1ntu1t10n alone. '6 Sherlock Holmes 15'reported

,:\\\‘

]

one has

to have:-said, "It 15 a capital mlstake to theorize befq

!
&

data’”. While engapedoln the gargantuan task of- collectlng

sufficient data, the scientist must never forget the ancient -
‘ i s
- admonition that “Scientific knowledge is not pessible through the

act of perception, ... for percept1on must bc of a particular, uhexca<

scientific knowledge 1nvolves the recognltlon of th2 commensurate ;

universal.” (Ar 00).. _ w:x
In this 1light, the p?esent thesis is scant indeed in'itientifih

knowledge. It is a study of the extent of edﬁilibration in two

examples of highly 1ne1ast1c heavy ion reactions. A measure of the
f/ \3
knowledge contained is to be found in the’ select1on and development

of physical models and theor1es wh1ch‘may prove useful in further

study of the atomic nucleus or other subjécts displaying similay

o

processes., ’ e

Highi§ inelastic reactions are characterized by tfansfer of

a large fraction of the initial kinetic energy of thé projectile to
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++internal ﬂégrecs of freedom of the reaction ﬂogplex‘ . Mucleon transfer

3

between the reacting nuclei also occurs, aﬁd’—may result in sigi’ificanut
mass chan"‘;‘;c.O These features dfamaticall} distinguish highly inelast;c
reaction; from direct reactions by involving a huge Iiimber of states
in the react)on "l'.'hen it is poss??lc to&lidentify individual modes
such as wlth =.hape osc1llat10ns or partlcle transfer within the

'cactmn complex, the)( can usually be handled most read11y in the

context.of a macroscopit, phencmenolog1ca1 model rather than: in“a’ ‘ Sy B
fundamental manner (Co 63, Ni 65, Ni 67 Ni 69), ’ o
Whlle th15 trcatment of. reactlon modes arises from the ° l(_.
difficulty of ldentlfymg or keepmg track of the vast mmber of ° 5
underlying smgle narticle degrees of. freedom, this dertainly need\\ W,

not be seen as a limitation on the sc1ent1f1c ut111ty of h1gh1y
ipelastic reactions'.: On the 'contrary, the . complexity of such
reactwns is" in fact'a doorway to understandlng properties of ’

nuclear matter which we know.little about from spectroscopic studies

alone. ’Iheseq’reacti‘oris allow one to explore such areas as the

mechanisms -and dyn;mics leading-to transfer of large amounts of

T,

np_‘clear\‘, matter, collective nuq}ear motion 1ike vibration and

rotation, statistical nuclear properties such as particle emission,

and the systematics 6f fission at high temperatures. !

In the present ana1y51s of equ111brat10n in the Ne + Au B
reaction, a spe21f1c well known reaction model” 150 used throughdut
(Mo 75). Upon collision of the reacting nuclef)’ the initial

relative motion is quickly damped and the pan' assmes a, sticking
142
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- conflguratmn in which the 1dent1ty of the two nuclei 1s preserved B
The pa1r rotates about” their collect1vo center Fr mass, and undergoes

b " shape v1brat10ns Energy flows bétween the nucléi and tliey ex(.ha.nge

o

nucleons through the contact area. Eventuall)' the pair breaks apart

.
., The energy of the resulting fragm;;ntﬁ arises from the Coulomb " ™

@ ,repulsion between them and from their centrifugal acceleration. The

d15tr1but1on of atomlc nunbers is determmed ty the d15tr1but1on of

lifetimes of the complex and by thc rate of &xcha;*nge) ot nucleons
between the nuclei. The potent1a1 energy and temperaturc wh1c.h govern

this nucleon exchange can be calculateda w1th a liquid drop model,

[

The popularity of th1s\\p1ctur"'e of the interaction ar1ses\\ from
)

the ease with which it can be quantified, and the versatility with

e . » which it can 1ncorporat,e many factors partlc:patmg in the reaction.

3

Such factors 1nc1ude the rangq of angular momenta Whlc_h contr1bute to

the reaction cross section, (Bl 72, Ca 74, Ga 74), the possibility of
o T . S
fluid or rigid motion of the nuclei and specific collective modes -

o

l
b
&

©

like the giant resonahce (My 77).

An' important limitation Jo the model must be recogni\ied' in

o © (its ability to .accoimt for only one pathway for the fomatlon of a

compound nucleus ((‘nrnplete absorption of o&he nucleus by the other,

by stepwise transfer of nucléns). A compound nucleus is by definition
o3

a fully equilibrated species. Since theo:st1ck1ng-nuc1e1 model @
described 'labove is able"to encompass all degrees of equilibration,
" - excluding the direct Cfﬁsi,pn reaction pathway would” seem to be a .
R small loss. Indeed this is the root of the difficulty in distinguishing
experimentally between LEt\\heﬂ two reac(t)ion mechanisms. The deficiency in

< o
==
“
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not considering the direct fusmn fnssmn channel hes in the fact ’ .
that its dynznxcs may Be qu1te d1fferent frm those of a reactlon in @ - . ©
g I
[ z

which thg msclei retain their identity, (Sw 72).
= S B
Direct observatioal of reaction dynamics is unfortunately ™ v L

mpossxble cnly clues are avanable: The most pr,omicsingd experimental’ a

access to the react;lon dynamics_is inference 'of thé internal angular

momentum of the reactlon products through measurmg their, ganma-?-ay - nL%:
mult1p11c1t1es (for instance see Ma 74 Al 77 Gl 77). With this

ctechnlque one could perhaps produce evidence for a dffferent angular ’ >
momenum range (and thus ‘a different reactlon mechianism) for products LU .

heavy enough to have come from fission, from lighter products onlym A

[

‘o

somewhat different in mass from thecf)rOJecnle. Such mformatlon PP

[ 5
is not ava1lab1e for the reactlon under study. ° . "

With the data which have been takgn on the Ne +.Au reaction,

resolutién ‘of the ?eaction-pathway pr‘oblem is hi”ghly unlikely. Nor ] e c

o w : a
is selection between altematlve mechamsms “for the specific processes
involved in the reacuonh (charge transfer; energy dampm%) 11ke1y ‘to
be pos_,§i/t;1ef Th(ifs thesis therefore cdncéntraies on examining, ina .
pheuanenolcgical way, the deg;eento which equilibration is attained

R in §evera1 degrees of freedom of the=reaction rather’ than on

deternunmg the processes through which the reactlon prcceeds . ;
©
et a ! @
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“The cx'pemmt.nts de§cr’bed 1n this theqls were performed at thé

R

Lawrenc.n Ber]\eley Labboratg\rv's 88- Inchu Q'clotronﬂ This is- a Varlable " Q“" A
: q

encrqx ) s’gotor focuSseds mg&hlxne (Ke 62‘).. The rraxlmum\energy of the

mach’ne is 140 Q /A .vher,e Q 1':. the on c.harge and A its [nass numbcr. E," Ea o,
N o
Beams of,175 “anid 252 mev e 6+ ions were umlngd ﬁlthough ob alned ég ’
A ° o
at lower mt@nﬂt ”th 4ON 6* 175 ‘MeV beam was preferred Bver the //‘\bz T g
" ° k:
. " R q_(
'O\' 5 beam to- avoid nossﬂ)le contamlnatlon hy 16 a HC‘.”Jr beams ,n%' %)c
% o P& ,u o g % 6
which’ have the ':.amL Q/A ratio. The_ beams“’ﬂ?é’ré generated in ‘aQPhll‘hp Sg ~\
Jon Gauge (PIG) Source, Lo / A 5
& e B PR ¢ = - G o L
The ion Jbeam was electrostatlcallv extract\e;d from the cyrlotron L
o e . a

aiid directed to the, experlmetzntal area through @ serlfs vof bendmg and 6 e

- focussmg magnets. “The t)’plcal beam current’,on tafget was 100

1(‘

) =B
nano ampereq (\e\ : ) - The d1mens1onal cross\\\sectwn 8f the beam on 1/

~\\

the target was c1rcular and approxmatcly 3 mm 1an1) ameter. Pressure -

)(4 -

b K 7

about 2>< 10° torrq The self supportlngaAu target were from 0 8 ‘Lcc: Fp / :

o

0.9 mg/cmz in thlckness Nojrotat&ng armis H‘ the ;.cattermg cbamber "% R £

each held one particle detector telescope These were p051t10ned on
&, vms

: e
o

opp051te sides of. the’ chamber w1th the front surface typlcall) 6 cm~ ¥

o
from the target and at angles Langing from 25°,to 150° from the beam
o o “ R '

<

// . <
“detector
@=e 0

telescopeg. A 'schematic drawingcis- chown in Flg 1. A fraciioﬂ%gf qt}je

», u N v
Realtioii products were: detected with compound “E-AE
G [ o

J&“
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7~ energy’ (less than 25%) was deposited in the AL jonization counter. Th1s
counter is described in Fo 74, The count01 was fed with pure methane
!

gas. The flow rate was ahout‘IUU cmj/hinutc. The gas pressure in the

counter ranged-from 4 to 8 @ of Hg, hab monxtorcd by mercury and oil

manometers, nnd was rogulatcd by a Cartesian mandstat. The thicknesses

of the gas corresponding to these oeﬂrdtlng pressures “and for a detector
length of 6 an are 0.24 and .48 iy /on vof methane, respectively. A

i B
0.050 mg/an” plastic wirdow (FORMVAR or VYNS) was glued on the entrance

[
window of the counter to insulate.the pressurized counter from the

i
X

¢hacuated scattering chambcr

After traversing the actx\c *eg) zi of the &l counter, the ion
deposits the rest of its cnergy in a thick Si surface barrier detector
(the "I counter), positioned in the back of the AE counter housing
{Sce Fig. 1). The E counters were- fully reverse biased, producing a
charge-carrier-depleted collection region 300 um thick. The detector

is circular with 1 an diameter.

2. Electronics

A schematic diagram of the electronics is shown in Fig. 2. Four
charge-sensitive pre-amplifiers, positioned outside the scattering
chamber, amplified the primary pulses originéting ai each of the
detectors égne AE and one E signal from each detector teléscope),
for transmission to the main amplifiers several hundred feet away,
The first amplificatioﬁ étage of each AE preamplifier was located in

the detector housing. These main amplifiers are modulir wmits employing

double-delay-line pulse shaping. Bipolar pulses of 4 micro-second
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total duraﬁ}on were typically used.),Coincidéhcc timing between the
AE and E signals from the same detector was of fected with constant-
fraction discrim*nator% C01rfldcnce was requ1red betweer.-1ngical
pulses typlcallv 0.5 micro-seconds wide, A central ”OR" pate driven
by the coincidence signals from the two E-AL telescopes was used for

control and triggering of data transmission to the computer. At

angles for which the rate of clastic(g :hts was large, a single channel
analyzer (SCA) was somctimes used to exclude those events from
transmission to the computer. Digital scalars driven by SCA and
coincidence logic pulses were used for measuring the system percent
live time {typically 70 to 90%). An analogue multiplexer was used

to time-stretch da;a pulses which satisfied the SCA and coincidence
requirements. This unit fed the analogue signals sequentially to a
4096-channcl analogue-to-digital-converter, which transformed the

data pulses to digital form and transferred tiem to a POP-5 computer

to be written on magnetic tape.

B. Data Analysis
1, Calibrations

The solid-angular efficiency of the detector telescope, defined
by the window aperture, was measured by irradiating the detector for
five minutes with an alpha-emitting 241Am source of 9.77 pCi activity.
Solid angular efficiencies of 0.00015 were usually obtained,

corresponding to 0.0019 steradians.

Energy calibration of the solid-state E counter was obtained

in 4 two step process. First a linear mercury pulser was calibrated
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AIM source, emitting alpha particles of 5.486 MeV average

with a z
encrgy and 40 keV width, The pulser was them used to prociucc 5 or

6 peaks spaced throughout the dynamic range of each amplifier system,
at each gain setting. The chanrel numbers of these peaks were fit,
as a function of pu]sor amplitude, to a straight line by a linear
least-squares method. fj*yl’i.nal ly, the alpha-particle calibration of
the pulser was used to producé:bn energy calibration equation. The
calibration equation was checked against the clastically scattered
projectile at known angle, whose spectrum was taken with no gas in
the AL counter and no plastic window at the front aperture., Small
adjustments to the calibration equation were sometimes necessary, the
final accuracy of the calibration equation being # 0.5 MeV,

The encrgy calibration of the AE counter was obtained in two
stages. The mercury pulser was used to produce 5 or 6 peaks spaced
throughout the dynamic range of the AE amplifier system. A straight-
line fit relating pulser setting to channel number was obtained.

Then, having prepared the cnergy calibration equat:on of the E counter,
one completes the calibration equation for the AE counter as follows.
The detector was set at a fixed angle forward of the projectile grazing
angle. The elastic spectrum was collected with no gas in the AE
detector, and the energy deposited in the E counter is computed. With
the detector at the same angle, the AL counter was pressurized and the
elastic spectrum collected again. The elastic energy deposited in the
E counter was again computed, and was less than in the '‘no-gas" case --

the difference in the energy having been deposited in the AE counter.
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The AL channel at which the elastic peak appeared was determined.
The final cnergy calibration line was obtained'ﬁy multiﬁlying the
fitted pulser calibrited liﬁc by an dfpfob;iate factor to relate the
AE elastic channel EB the elnstigienergy known to have been deposited

in the AE counter.

A néte on dead layer corrections. Two corrections to the
energies were necessary in performing the above calibrations, and in
computing the energy of actual data’eﬁcnts. It was necessary to
account for the energy lost in the target iself, and in the plastic
window on the AE counter. In é;mputing the elastic energy for
calibration calculations, it was assumed that the scatter event
took place midway through the target. The Northcliffe-Schilling
stopping power tables (No 70) were uscd to evaluate the degradation
of the caergy of the projectile over its full path in the target,
taking account of the angle at which it energes from the target.
Energy lost in the plastic window was also ~aiculated. For correcting
the energy of detected reaction products, it was assumed that the
interaction took place midway through the target. These corrections
are most important for high Z's detected at low energies, and may be as
mich as 10% or even 20% of the total energy. In most cases, the

energy corrections are less than 5% of the measured energy.

2. Data Analysis Procedure
The procedure for reduction of the primary data to useful form
proceeds in four stages. Each data cvent exists on magnetic tape as

two channel numbers -- onc from the AE and one from the E detector.
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In the first stage of analysi§g a two-dimensional spectrum is computed:
onc axis is the AE:thanncl number and the other axis is the E channel
nunber. One such "L-AL map" is computed for each gain setting at each
angle. This map is stored on magnetic tape. An eXample‘of such a
map from the reaction of Ar+Ag is displayed in Fig. 3. The slanted
vidges are clusters of cvents of the same atomic number. From such
a map one is able to compute the yield and energy spectrum for each
clement at the laboratory angle at which the data was collected.
The ridge corresponding to events of the same atomic number as the
projectile is identified by the greater yield, the presence of an
elastic peak, or the prusence of low energy projectile events resulting
from multiple scattering on the collimating slits. The atomic number
for all other ridges is then known.

- In the sccond stage of the data analysis, the ridges on each
map are identified and fitted with fifth-order polynomials (called
"ridge lines") which are functions of the E coordinate. A detailed
discussion of the computerized interactive ridge-hunting procedure
can be found in Gl 76.

In the third stage of the analysis, energy spectra for each
element at each angle are computed in both the laboratory and center-
of-mass {QM) reference frames. Ridge lines are overlayed on each map,
and ''valley lines' midway between cach successive ridge line are
computed. A '"Z-bin" is defined as that region on the map between
two successive valley lines. All events within each Z-bin are ascribed
to the element whose ridge line is enclosed within the Z-bin. Even

if the yield of successive ridges overlap, as in the high-Z range of



1071999 + 340 Mev %8Ar
B1gp= 40°

AE

e

A

ABL7AT- ae39

Fig. 3 Two-dimensional "E-AE map" from the reaction Ar + Ag. Ridges are
clusters of events of the elements indicated to the right of each ridge.
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of TFig. 37, this procedure 1§ quite accurate as long as the yield does
not vary greatly from one element to the next. :'I‘hé laboratory energy
of cach ei2nt in cach Z—gin is computed using the calibration equétions
and dead layer correction procedures discussed in section II.B.1.
Transformation of the spectra to the (4 frame requires knowledge of
the mass of cach fragﬁlent. The mass is obtained from a charge-
cquilibrium model. The total mass and overall neutron-to-proton ratio
is fixed. That partition of ncutrons is computed which minimizes the
ground state mass, as a function of the atomic number of one fragment.
No evaporation of particles is considered. This entire stage is
completely computerized. An evaluation of alternative procedures
for choosing the mass is presented-elsewhere (Ba 75, Ga 75).

In the fourth and final stage of primary data analysis, the
CHl encrgy spectra just prcpared are edited, when necessary, to remove
spurious or unwanted peaks arising from elastic eventé, or low-energy
high-2Z ''turn over' events (the high intensity vertical ridge at low
encrgy parallel to the data in Fig. 3). The energy spectra are then
integrated, and the first and second moments computed. Also the mean
C'tangle for each spectrum is calculated. CM angular distributions
are plotted for each element by ascribing the cross section at each
laboratory angle to the mean CM angle for the Z. Except where the
measured cross section varies greatly with angle, this procedure
introduces little error. The spectrum editing and moment-calculation

is done interactively with a computer.
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Chapter III. Results and Discussion )
A. lnergy Spectra - o
1. Introduction - Internal Ehérgy, Temperature, Degeneracy

Before entering the thicket of a‘detailed di;cussion of the energy
aspects of the Ne + Au reaction, it is worthwhilcrto develop the concepts
of internal energy and temperature, as they apply 'to reaéting nuclear
systems. i .

We shall beﬁin by defining the internal energy. The products of
highly inelastic reactions display kinetic energies which apparently arise
from the Coulomb repulsion and centrifugal acceleration of the complex
at breakup. The final kinetic energy is largely decoupled from -- and
far less than -- the entrance channel kinetic enmergy. (A qﬁantitative
treatment of this phenomenon will be. given in the next section). In
this way a large amount of encrgy is made available, during the reaction,
for excitation of modes other than collective relative motion of the
reacting nuclei. This "internal" energy must be distributed, perhaps
thermally, amung single particle states, collective vibrations and
rotations and transfer of nucleons between the two nuclei.

It is difficult to ascertain that the internal energy is in fact
distributed statistically among the available modes. A nuclear reaction
of the type we are studying here can hardly be said to be an equilibrium
process. One must imagine it as a collision whose dynamics are quite
important to the details of the event. If, however, the time required
for transfer of the initial kinctic enmergy to the intermal modes is

small compared to the reaction time, the concept of energy thermalization

seems relevant.
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One can define the internal energy, U, available to a thermalized
system at the time of breakup as

U= sc ™ Veoul

0 - S AV - \
r'cm * Qg.s. Vro‘l: A\sur AV

where:

E, = center of mass kinetic energy, Qg s, = ground state mass

change from initial to final configuration. One envisions the reacting

nuclei retaining their identity during the reaction. th = total

rigid rotational energy of the reaction.complex. Possible elastic or

Avsur = (positive) change in the surface energy of both fragments, above

the spherical value, due to deformation of the touching nuclei to
24

fluid contributions to the moment’of inertia have been ignored.
{

equlibrium shape (defined\as that shape wﬁi&h minimizes the total
potential energy). AV = (negative) change in the self Coulomb energy
of both fragments below the spherical value, due to deformation to
equilibrium shape. V(‘oul = Coulomb repulsion between the two nuclei at
equilibrium deformation.

It must be understood that the last four potential energy terms
are evaluated at equilibrium deformation of the touching pair of nuclei.
Aside from this, subtraction of the total rigid rotational energy is
an approximation. One can argue that collective rotation is built from
single particle states which are very much a part of the internal
excitation energy -- before the collision the nuclei were in their
ground states. One must realize however; that the requirement of angular
momentum conservation forces the nuclei to keep a certain amount of

energy in the rotational mode, regardless of the degree of thermalization
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and cf the amount of eflergy in other modesi:‘The total rlgld rotat1onal
energy is an approxlmat10n to this 'frozen" energy.

Examination of rlg 4 gives some feeling for the magnitude of >
internal energy present “in the Ne + Au system. This figure shows, for !
both projectile energies,’;he total internal energy shared by the two
nuclei during the reaction. The absciSsa is the atomic number, 7y, of
one: fragment. The typical intérnal energy at the lower brojectile
energy is about 70 MeV, or 0.32 MeV/nucleon. At the higher projectile
energy the typical internal energy is about 125 MeV, or 0.58 MeV/nucleon.

Nearly all of the internal energy is deposited in the single
particle states becausc of their p&erwhelming‘statistical weight.
Fluctuations in the énergy of the collective modes leave the single
particle energy very nearly unchanged. In this way, the single particle
degrees of f;eedom act as a "héat bath" for the other degrees of freedom,
and ‘it isbquite useful to discuss the temperature of that bath. One is
used to talk of the temperature of a system containing moles of particles
rather than a few hundred. Howeverj‘recall the definition of
temperature: as the inverse of the change in entropy with internal
energy. That is, %—= gg . In order for the temperature to be a
meaning ful quantity, we must assure ourselves that this derivative is a
smooth fu;Etio” i Entropy is defined as the logarithm of the number of
states available, to the system (La 69 Eq. (7.7)). The density of energy
levels as a function of internal energy can be estimated as W(U) = 0.005
exp(2v100 ) Mév}level (B 52, pp. 371-2; also Er 60). At 60 MeV
excitation, tﬁis gives a level density of 9.4 x 1018 levels/MeV, or a

level spacing of 1.1 x 10'19 MeV/level. Because of the very short life
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reaction complex versus the atomic number of the lighter fragment.
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time of the reaction sy‘s‘lftcm (~10 seconds) the uncartamty in 1ts

cnergy. is AE S h/t = 6.6 I\eV This 1s “far greatcr «han the level™ spacmg, R )
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assumption that the mternal energy is partltloned between the two . a

fragments proportional to their masses That iis,,, the temperature of &£

! A 5 ‘} . .
fragment 1 is ’l‘1 = Vm— /1 ‘e‘.,‘ |

2 “ q et

A quick look at Fig. S sﬁows“a'typical temperature of 1.8 MeV ’

for the Jlower bombarding e’nerogy, and 2.4 MeV"TEf’er the }&igher bombarding ;,h N

energy. These values allow us to estimaLe the degrée to which the ground” . %

vl :
statc occupation den51ty d15tr1but10n functlon is perturbed Recalling

@ W

that the distribution function: of a Fermi gas igsdescribed by (La 69, c

Section 56): . : >
n(e) = r— . :
e—('W)/T,, T . af o
\\ < 3 > e .
one finds that the energy difference between an occupation m.mber of * &7
0.8 and 0.2 is 2 77T : This roughly represents “the w1dth\\of the i K \&: “

distribution funct1on around the Ferml surface and should be compared “

with a chemical potential of about.40 MeV. For the 1owLé'fr banbarding
- \\\

R & Fe
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encrgy this width is 5.0 MeV and for the upper bombarding energy this is
6.6 MeV. One secs that each nucleus islstill a strongly degenerate Fermi

gas despite the large amount of excitation energy.

2. Qualitative Eq)lanation‘of the Fragment Kinetic Energies
The mostjbbvjous feature of the center-of-mass kinetic energy
distributions of the light fragments produced in the reaction of Ne with
Au is the simple behavior of the centroids. These are shown in
Figs. 6 and 7, avcragcd over the angles at which the measurements
were made. The crdnsformatlon of the measured laboratory energles to
center of mass values requires knowledge of the fragment mass. Since
only the atomic number is measiired, the mass is determined from the
' assumption that the neutron-to-proton ratios of the two fragments are
those which minimize the energy of the system in this degree of freedom,
at fixed necutron-to-proton ratic-and fixed tdtal mass. No correction
of the fragment energy to account for rotation or particle evaporation
has been made but will be considered later. The two smooth curves
show the Coulomb repulsive energy for two spherical nuclei, and for
two spheroidal nuclei allowed to deform to their equilibrium shapes
given the constraint that they be in contact. The lower set of points
on each graph shows the full width at half maximum (FWHM) of the kinetic
energy spectrum. The error bars represent the standard deviation of the
measured value over angle.
The appearance of the data is very similar for both the 175 and
252 MeV projectile energy. The mean energies for products heavier than
Ne vary smoothly with atomic mumber, and fall between the "'spheres'

and "spheroids' curves. The energies for products of the 175 MeV
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Fig. 6 Experimental center of mass mean kinetic energy (upper points)
and FWHM (lower points) of the light fragment, averaged over angle.
Error bars are * one standard deviation. Smooth curves are Coulomb
energy for touching spheres (upper curve) and spheroids( lower curve)
at equilibrium deformation. 175 MeV laboratory projectile energy.
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Fig. 7 Same as Fig. 6 for 252 MeV laboratory projectile energy.
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reaction similar to or lighter than Ne substantially exceed the 'spheres'
energy. This arises from the difficulty bf completely separating quasi-
clastic events, in which a substantial amount of the initial projectile
kinetic energy remains as kinetic energy, from much more highly inelastic
cvents. The energies of products below Z: = 13 should be viewed as
representing an admixture of reactions over a continuum of reaction

type -- from elastic to quasi-elastic direct reactions to highly
inclastic rcactions. This effect is much less pronounced in the

252 MeV case. Here we sce appreciable de&iation above the "spheres"
encrgy only for atomic numbers 8 and 9. This arises from the fact that
the quasi-elastic reactions occur at appreciably higher energy and at
morce forward angles in this case, allowing for cleaner separation from
the deep inelastic component. Experimental kinetic energy spectra are
shown in Figs. 8 and 9. The large widths of the spectra for Z's 7 and 12
in the 175 McV case are explained by the above mentioned mixture of
reaction types.

This difference between the light products at the two bombarding
energies is not of primary importance to the understanding of highly
inelastic reactions -- arising, as it does, from an admixture of other
reaction types. More important is the close agreement between the two
sets of data for Z's above 12. One notices that the mean center of mass
kinetic energies agree to within about 5 MeV, the data at 252 MeV being
consistently higher. Since the kinetic energy spectra of these fragments
are quite broad (20 to 25 MeV FWHM) this difference is of marginal

significance. We see immediately a fundamental characteristic of
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fragment energics obscrved in highly inclastic rcactions: the mean
center of mass kinetic energies are (very nearly) independent of the
initial projectile cnerpy.

A qualitative understanding of this observation is not difficult
to obtain. The kinetic energy of the fragments arises from their Coulomb
repulsion and centrifugal acceleration as they move apart. The average
Coulomb potential enerpy depends on the degree of stretching of the
nuclei but not (directly) on the initial projectile energy. The average
rotational encrgy depends on the mean angular momentum leading to deep
inclastic reaction of the two nuclei, and thus increases with the
bombarding encrgy. However, the greater the rotational energy, the
greater will be the centrifugal stretching of the nuclei, leading to
lowering of the Coulomb energy. We should expect a trade-off between
these two components in the kinetic energy. That the final kinetic
cnergies are close, indicates that the rotational-Coulomb trade-off
is fairly even. This picturc of the origin of the fragment kinetic
cnergy is supported by much work (Ba 75, Ga 75, Mo 75a, We 76, Ca 77,
Ru 77, Wo 77). Reproduction of the experimental results with a
mathematical model has rcceived less attention {Ni 63, Eg 76).

Another characteristic feature of the kinetic energy spectra of
highly inelastic rcactions is that their widths are much greater than
the temperature. The typical FWHM is 20 to 25 MeV. This can be
understood qualitatively on the basis of the well known "“‘amplification
model' (Mo 75b). Figure 9a shows a schematic representation of the

total potential energy (parabola of curvature a) and final kinetic
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encrgy {(nearly straight line of slope-b), versus the deformation of
the touching fragments. The average energy in the deformation mode i3
4T, giving rise to the maximal and minimal deformations d, and d_.

Specifically,

This range of deformation results in a range of kinetic energies of the

20, = b@_ - d) = b ‘H .

The "amplification” factor is b 42 . Since the curvature, a, is quite
amp 3

value

small and the slope, b, considerable, the kinetic energy width exceeds

the temperature.

3. Description of the Quantitative Model

An accurate quantitative wmderstanding of the kinetic energy means
and widths can be obtained with the use of a simple model, whose success
leads to an important insight into the degree of thermal equilibration
of the reaction complex. The model must provide a method of calculating
the distribution of the Coulomb plus rotational kinetic energy at the
time of the breakup.

Calculations with this model are based on the following functions.
Ec(p) = Coulomb -interaction as a function of shape of the reacting nuclei.
Er(p,L) = total rotational energy as a function of shape and angular
momentum.

Es(p) = surface energy as a function of shape.
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E . (p) = self Coulomb energy as a function of shape.
V(p,L) = total potential energy as a function of shape and angular
momentum = Ec + ES + ESC + Er‘
Eorh(p,L) = orbital rotational cnergy as a function of shape and angular
momentum.
lic(p,L) = total kinetic energy at infinite separation = Ec(p) + Eorb(p,L).
The most important hypothesis of thc model is that the energy moments can
be calculated by treating tbe nucleus as a classical canonical ensemble
at thermal equilibrium whose temperature is fixed by the internal energy
of the single particle degreés of freedom, according to the discussion in
section IIT. A.1. The kinctic energy in the shape oscillation mode before
breakup is small (in the mass-range studied here) compared to the final
Coulomb + rotational kinetic energy and is ignored. This has been
discussed elsewhere (Mo 75b).

The equations described above can be used to calculate the n-th
moment of the fragment kinetic energy. At a specified angular momentum,
L, the n-th moment of the kinetic energy Ep,(p,L) is summed over the
deformation, p, and multiplied by a normalized Boltzmann factor. This
expression is then averaged over the angular momentum range, multiplying
each L-wave by its geometrical weight -- 7 K2(2L+1), where X is the

h

DeBroglie wavelength divided by 25, The nt moment of the fragment

kinetic energy is
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X & b (p,1)" exp(-V(p,L)/T)

h a5l 1) —P e )

= L exn(-V(p,L)/T)

<B}?e > = min 1 n - )

max
3 mleLen
‘min

The following éd(iitidnal assumpt.ions complcte the hypotheses of the
model, and are to be t;’sted by comparison with the ohserved kinetic
encrgies,

1. Each fragment deforms as an ellipsoid. The deformation axes
are colinear, the eccentricities of the two fragments are the same, and
the volume ;)f each fragment is independent of its deformation. For a
given mass asymmetry, the shape can therefore be parameterized with just
one variable. The most important physical restriction imposed by these
simplifications is that the nuclei vibrate in phase reaching maximal
and minimal stretching simultaneously. The effect of out-of-phase
vibration is not included. This has little effect on the evaluation of
the mean kinetic energy, because the potential is fairly symmetrical
about the equilibrium deformation, so the mean value of the kinetic
energy is close to the value at equilibrium deformation. The width of
the kinetic energy is also only slightly underestimated by ignoring
the out-of-phase normal mode. This is because the greatest range in
energy arises from the in-phase mode; inclusion of the smaller out-of-

phasc contribution in a quadrature sum of widths would increase the

width only slightly.
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By

2. The rotational energy is that for Trigid stickiné ellipsoids.
No slipping of the nuclei against one another is included, ror is any
h_\'drod)namical/'/cffcct on the moment of inertial considered. )

3. The cross section for each angular munentqn is I’L = nxz(2L+ 1),
between L = 0 and L = L .. % is the reduced wavelength of the
projectile. The upper 1imit on thé angular momentum is close to the
grazing value., The 1owe1j. limit is zero because any cross section for
compound nucleus formation at low angular momentum is most likely to
result in fission and be detected as‘ parf of the highly inelastic cross
section.

The detailed derivation of the kinetic and potential energy

equations is given in Appendix 1.1. The total potential energy, from

Eqs. (4), (9), (10) and (13) in that Appendix, is

Vio,L) = E_(p,L) + Eg(p) * E_(p) + Eg (p)

E
= Fr(%) * Eson(p) * Ecow(x.l'xz) * Escon(p) (2)

The subscript x in Gx(p) and lg((p) is p or o as needed, to indicate
prolate or oblate ellipsoid. The variables Xy and x, are functions of

the deformation, p, and are defined in the Appendix. Ero’ Egp» Eco
and ES co 2Te the values of the rotational and surface energies, Coulomb
interaction energy and self-Coulomb energy of the two nuclei when they
are spherical. Equatién (2) shows that the total potential can be
factored into a sum of four terms, each of which is the value for touching

spheres times a dimensionless function of the shape.
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Figures 10 through 14 ;how the tbtal potential energy versus o

for five valucs of Z]: 6,12,18,24 and 30 . Each figurc shows four values
W

of the angular momentum: 0,80,160 and ’40 h. The &ra21ng'angu1ar SN

momentum in the 175 and 252 MeV reactions is about 97 i and 157 %

respectively, Theminimum of the potential energy of the touching’

nuclei shifts to larger deformation, p, as ﬁhe angular momentum,>L,

: i m
increases. Onc notices in these figures that the curvature and position
of the minimum changes markedly with L for the low Z's. For the higher

Z's the effect of L on the potential energy is quite reduced. * Figureils

57

shows the equilibrium deformation as a function of L.”” Figures 16 through

20 show the total kinetic energrlversus p for the 'same values of Zl and

angular momentum. The kinetic enejgy_increases markedly with L at

etic'energy at hmi for the four

i \
7

i
values of L varies by only 10 MeV or, less. This is an 1mpottant

fixed deformation. However, thS%

. % ]
observation, and represiints the tradé-off between Coulomb and rotational

: S, : : -
encrgy, as mentioned Zarlier in this section.

4. Correction of the Data for Particle Evaporation. - -
We are now able to calculate moments of thé kifetic energy
)

describe the kinetic energy of the two fragments before any evapdration

-(2) and (3). These equations attempt to

distribution, with Eqs. (1

of particles from the fragments takes place. However, the kinetic

| B o
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Fig. 11 Same as Fig. 10 for atomic number 12.
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Fig. 12 Same as Fig. 10 for atomic number 18.
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Fig. 13 Same as Fig. 10 for atomic number 24,
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and 240h . Angular momentum increases from lower to upper curves.
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energies measured in the laboratory are post-cvaporation values, since
the (ragment flight time to'the detector (several nanoseconds) is far

20 16 seconds) .

greater than the particle evaporation time (10° % to 10~
Before comparing the calculated kinctic cnergy moments with the data,
it is necessary to correct those data for the effect of evaporation.

a} Evaporated Particles

It is first necessary to determine what particles are likely to
be cvaporated. The statistical width for cvaporation of light particles
of any encrgy from an excited nucleus is of the form (We 37):

o 12 e'(Eo * VT

-
8

Th
where g = spin multiplicity. 2 for nucleons, 1 for alpha particles.

0= energy-averaged absorption cross section of the light particle,
" to form the excited compound nucleus.

m = mass of evaporated particle.

T = temperature of the post-evaporafibn nucleus.

E, = binding energy of the particle.

Ve = Coulomb energy of the particle, if charged.

We can see that emission of alpha particles is generally quite a
bit less probable than emission of neutrons. Table 1 shows the binding
energy of alpha particles (Ba) and neutrons (Bn) for a range of nuclei,
as well as the Coulomb energy (VE) of the‘alpha particle with the daughter

nucleus. The ratio of alpha to neutron width is calculated for three

temperatures, 1.5, 2.0 and 2.5 MeV.
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The calculations of Thbie 1 show us that emission of alpha
particies frqn nucici near the line of beta stability is gencrally less
probable than emission of neutrons, except for light nuclef. For
instance, the values of I‘a/rn for clements 18, 24 and 34 arc o_é;,

0.18 and 0.12 respectively. However, thé evaparative decay chaiglof

an excited nucleus may well pass through nuclei far from the beta
stability line. Such nuclei have neutron ‘and alpha binding energies
quite different from the beta-stable valties. Emission of some alpha
particles is to be expected, and may even be less depressed than our
simple calcriations indicated. As a first order approximation we shall
ignore aipha particic emission. Proton emission is to be expccted in
order to maintain the proper neutron-to-proton ratiol although protoun
cnission will be depressed with respect to neutron emission because

of the Coulomb barrier. It will simplify our effort to igncke tue
greater kinetic encrgy of protons compared to neutrons, arising from

the Coulomb repulsion. Finally, we shall assume that all evaporation
occurs after breakup of ther reaction complex, since its lifetime is
thought to be significantly shorter than the evaporation time, (Reaction
times will be discussed in Section I11.C.). 1t must. be realized, however,
that all the evaporation takes place in a very short time compared to

the flight time of the fragment to the detector. This means that all
angular deflection of the fragmen. due to its recoil from the emitted

particles can be considered to take place in the target itself,
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b) A Tyﬁ‘z(t-’?l Calculation of the Particle Evaporation Correction

In Appendix’ 1.2 we develop afi>cxpression for the post-emission
center of mass cnergy of the parent fragment as amfl.mction of its net
recoil angle, e , in its own frame of reference. Witp this result we
will examine the first and second mements of this energy, and see that

the only significant correction:to the mean fragment kinetic energy

“ = arises from the evaporative mass 1oss and not from recoil from the
et

emitted particles, but ‘that the kinetic energy widths are sensitive to
emission recoil. Finally-in that Appendix we develop an expression for

estimating the kinctic energy width due to particle emission, as measured

by a detector of finite size. 0

From Eq. (20) of Appendix I.2Z we know that the first moment of the

recoil kinetic energy, averaged over all possible recoil angles, is

>-(]-n)E F ey (4

where n = evaporated mass fraction.
E = pre cmission fragment energy in the center of mass.

'-En = mean energy of the emitted particle in the parent frame.
h

The-standard deviation of the recoil kinetic energy (Eq.” (21) of

Appendix 1.2.) is

«

M

2[ nE, E] (5)

Eg

For a Gaussian distribution, the full width at half maximum height

(FMM) is related to the standard deviation by
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REM = /2 InZ o = 2.3548 o (6)

In discussing the widths of kinetic energy distributions, we shall refer
to the "FWHM", where this quantity is defined by Eq. (6), even if the
distribution is not Gaussian. Thus, the FWHM of the energy distribution

is, from Eqs. (5) and (6)
FWHM = 2,779 / nEOEn 7

We will now evaluate Egs. (4) and (7) for typical values of the
variables, The number of nucleons emitted is evaluated as the internal
energy, U, divided by the sum of the nucleon binding energy plus the mean
nucleon kinetic energy. The binding energy is approximated as 6 MeV,
and the mean kinetic energy is twice the mean temperature, T. This
mean is taken as half the pre-emission temperature at the average angular

0 197

momentum. The fraction of mass lost from the 2 Ne + A reaction is

_ U
oA (T ay)

Calculation of the internal energy and temperaturc were described in
Section III.A.1, Calculated values of n for both bombarding energies
are presented in Table 2,

The fraction of mass lost through evaporation, n, is typically
0.05, and varies from 0.03 to 0.08. The pre-emission temperature, as
we know from Fig. S, is typically 2 MeV. The average kinetic energy
of the emitted neutron is just twice the temperature. In the course

of the evaporative decay the temperature is reduced from the pre-emission



-50-

Table 2
175 MeV 252 MeV
LM M
PN (calc) P P4y (calc)  FWd
due toil " due to

o
3=

n{calc) (exp) cvap = TOT n(calc) (exp) evap T0T

5 12 026 23 4.45 23.89 152 19 7.69 18,39
8 15 .027 25 4.89 30,70 .053 23 8.46 22.98
7 17 .027 27 5.31 28,72 .054 24 5.12 24.09

8 20 .028 27  5.64 29.08  .055 31  9.71. 32.43
9 22 .026 24  5.67 25.95  .054 33 10.00 35.0

11 27 .20, 35  6.48  39.28  .057 28 11,15  29.33

2 55 6.64 37.32  .057 30 11.49  31.98

13 32,029 27 6.8 3074 058 28 11.90  29.73

35 28 7.79  31.89 061 25 12.79  25.47

0353 25  7.97 28,57  .062 28 13.11  33.47

le 39 .03 24 8.22 27.49  .062 26 13.48  27.10

17 41 .03 25 8.82 26,19  .065 25 14.11  25.45

18 44 026 25 7.06 27.46 .05 27 12.90  29.75

19 46 .07 21 9.29 -25.90 .067 27 15.00  28.49

200 49 .048 25 11.57  25.68  .076 26 16.77  25.67

10.38  26.82  .070 26 15.90  26.89

21 51 041 23

22 54 030 23 8.26 28.58 .060 26 14.34 28.88
25 56 .041 25 10.62 27.50 .070 26 16.31 27.29
24 59 42 23-.10.89 27.83 071 26 16.62 27.45

13.14 27,93 .081 26 18.57 25.32

2
w

(=

—

[=}

wn

~

Ll
3

26 63 .044 24 11.61 29,59 .083 28 17.37 30.94
27 66 .045 24 11.92 29,93 074 27 17.70 29.30
28 68 .042 25 11,42 32.39 ,072 28 17.39 31.97
29 71 .049 25 12,91 31.82 .078 350 18.67 34,89
30 73 .049 25 13.02 32,16 .078 25 18.81 33,26
31 76 .051 25 13.47 32,41 ?;.080 29 19.25 33.38
32 78 .054 26 14.10 34,10 .082 28 19.84 30.85
33 80 053 - 14.03 - .082 31 19.84 37.73
34 83 .054 - 14.26 - .083 32 20.05 40.39
35 85 056 - 14,69 - .D34 30 20.46 36.07
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value to nearly zero, giving a decay-chain average temperature of about
1 MeV. 7Thus the average ncutron emission energy is about 2 MeV. The
ginglc fragment kinctic cnergy, I;‘f, (Figs. 6 and 7) varies with 2

from about 50 to 100 HeV, with a typical value of 75 MeV. Using these
values, the mean corrected energy is 78.9 MeV, The dominant term

obtained from inverting Eq. (4) ,—1— Ef, represents the loss in kinetic
1-n

energy due just to evaporative mass loss, and in this typical case equals
79.0 MeV. The second term, (ﬁ? En , arises from the recoil of the
parent fragment, and equals only -0.1 MeV. Very little error is made
by ignoring the recoil term when correcting ‘the obserVéﬂ mean energies
for the effect of evaporation. Even taking account of proton emission --
for which E, is larger duc to the Coulomb repulsion -- has little effect
on the correction. From now on, correction of mean kinetic energies
will involve just the mass-loss term.’

Using the same typical numbers to evaluate the FWHM, we find
it equal to 7.6 MeV. Here we are rather sensitive to the values of
the recoil energy, E» and the evaporated mass fraction, n, which are
used. Ignoring the effect of proton emission can be quite significant,
because its enérgy can be several times the themmal (2T) energy of the
proton. Ignoring fluctuations in the evaporated mass fraction may also
introduce some error to this formula,

Estimation of the FWM with Eq. (7) is deficient also because
it does not consider the finite size of the detector, and the fact that
particles originally directed away from the detector may be deflected --

by evaporative recoil -- into the 8etector. This latter effect is
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particularly important because it is large deflections which cause large
changes of the kinetic energy, and thus contribute significantly to the

PWE].  Because recoil of the parent fragment does not significantly alter
the mean fragment cnergy, the effect of detector size on the mean kinctic

cnergy can be ignored.

c¢) Correction of the FWHM - Finite Detector

The F¥M duc to evaporation, as measured by a detector of non-zero
arca, is developed in Appendix 1.3. The final formula, Eq. (22) in the
Appendix, can be cvaluated numerically, and the results are presented in
Table 2. Columns 1 and 2 give the atomic number and mass number,
Columns 3 and 7 show the evaporated mass fraction n for the 175 and
252 MeV reactions. Columns 4 and 8 show the experimental FWHM.
Columns 5 and 9 show the calculated FWHM due to evaporation. Both
the experimental and calculated widths are for a single fragment, while
the widths calculated with Eq. (1) are for the total (two-fragment)
encrgy distribution. Because the pre-emission energies of the two
fragments arc completely correlated, the single-fragment widths, 95

and the total width, o, are related by

1
and a, = ﬁz— 9 (8)



Columns 6 and 10 show the total pre-cmission widths for the 175 and
252 MeV reactions. These are calculatedhas the quadrature difference
between the cxperimental widths and the calculated evaporation widths

and multiplied by the appropriate mass {ractiof. That is

M.+ B 1/2

1"h 20 2
AR, o = T [FWHM (exp) - FWIDY (evap))

Two features of the numbers in Table 2 should be noted. First,
that the evaporation correction does not make a larpe change in the width.
Second, the corrected total widths are fairly independent of atomic
number, and equal for both borbarding energies. The large experimental
widths observed at 252 Mel' are offset by larger cvaporative widths due
to the greater temperaturc.

These corrected widths must be viewed as being rather approximate.
The width is quite sensitive to the energy of the emitted particle as
well as to the number of evaporations. These calculations take no
account of charged particle emission, which is sure to be important in
the case of protons, and may be important for alpha particles. Also,
fluctuations in the amount of mass emitted is not considered. Finally,
it should be noted that the calculation of the kinetic energy width
according to Eq. (22) of Appendix I assumes that the irradiated area of
the target is infinitesimal. 1In fact, the "beam spot'' on the target is

about the size of the detector window.
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5. Comparison of Theoretical Calculatibn and Corrected Data

We arc finally ready and able to compare the calculated kinetic
energy means--and widths (based on Eq. (1)) with the corrected experimental
means and widths. 7The grapbical comparison appears in Figs. 21 and 22.
The discrete points are the data, and the closely spaced smooth curves
arc the calculations based on two different values of the upper angular
momentum 1imit: the grazing angular momentum and 30 % less. In the
175 MeV case these angular momentum limits are 97 and 67 fi. In the
257 MeV case the limits are 137 and 107 fi. The choice of the angular
momentum upper limit has little effect on the calculation. This recalls
our discussion of the trade-off hetween rotational and Coulomb energy
as the angular momentum increases: the rotational enerpy rises and the
Coulomb cnergy falls,

We begin by considering the mean kinetic energies. In both the
175 and 252 MeV reactions the agreement between data and calculation is
fairly good for elements not too similar to Ne. The agreement with the
175 MeV data is somewhat better than with the 252 MeV data. That the
data cxceed the calculations may, in part, be due to the fact that the
detected atomic number is in fact slightly less than the pre-emission
value, This means that the data should be shifted somewhat to the right.
One can estimate the branching ratio between emitted protons and
neutrons by employing the emission width formula used in Section III. A.4.
The fraction of emitted particles which are protons is approximately
J"P/(I‘p + I‘n). The total number of emitted particles is nA, where n is
the evaporated mass fraction and A is the atomic number of the parent

fragment. So, the shift in atomic number is
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Fig. 21 Experimental two-fragment center of mass kinetic energy (upper points)
and FWHM (lower points) versus the light fragment atomic number. Corrected
for evaporation. Adjacent smooth curves are calculated values. 175 MeV

projectile energy.
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252 MeV Z®Ne + 2%7Au
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. 22 Same as Fig. 21 for 252 MeV projectile energy.
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Numerical calculations show the shift to be significantly less than one
mass unit -- not enough to cxplain the discrepancy.

The fidelity of the calculation to the data -- over such a large
mass range and for two different projectile energies -- is strong support
for the hypotheses of the model. The most fundamental and dominant
assumption is the treatment of the reaction system as a canonical ensemble
at thermal cquilibrium. Equation (1) applies only to such a system, and
calculation of the temperature (or internal energy) has assumed that all
the initial projectile kinctic energy is distributed thermally among the
available degrees of freedom.

The m;ijor reservation one must have in accepting this conclusion
arises from the degree of simplification of the dynamical factors --
limitation to one cllipsoidal shape degree of freedom and consideration
of only rigid sticking rotation. Certainly the actual behavior is
more complex. Independent shape vibration of the reacting nuclei is to
be expected, complicated tri-axial shapes may well appear, and slipping
of the nuclei against each other is probably important, at least early
in the reaction. Nevertheless, the model need only predict the behavior
of the system at the time it breaks up. The picture of the nuclei being
in thermal equilibrium when they break up suggests that these
complexities are fast transients which largely disappear during the
reaction,

We will now dircct our attention to the kinetic energy widths.

We have already emphasized the severe limitations in evaluation of the
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pre-cnmission widths. It is therefore not too surprising when we find
the calculations deviating from the data by a hecalthy margin. What is
interesting is that the agreement in the "hotter' system (252 MeV) is
not too bad, while the calculations in the "cooler" system fall short
of the data by 30 percent or more. The explanition for this may lie

in the purely classical nature of the calculation. As the temperaturc
(expressed in energy unité) approaches the energy of a single phonon
(hv), the purely classical formula (Lg. (1)) used to evaluate the
kinetic encrgy moments is no longer valid -- the quantized nature of the
vibration spectrum has not been accounted for. Quantitative evaluation
of the phonon vibration energy requires knowing the inertia of the
vibration mode. We can estimate that the phonon encrgy is on the order
of a few MeV, At temperatures from 1.5 to 2.5 MeV, we see that
significant quantal effects should be expected.

We can estimate the magnitude of the quantal effect on the
kinetic energy widths by employing a simple model. Consider classical
vibration in a harmonic potential of the fom V = %cxz. (Figures 10
to 14 show that this is not too bad an approximation). The average
total energy of the oscillator is just the ensemble temperature T.

>
This means that on the average, the system is vibrating between + 'C—T

and - @ . We can approximate the total fragment kinetic energy
(after breakup) as having a linear dependence on the vibration degree
of freedom (see Figs. 16 to 20). That is, E = -ax + b. Then the
kinetic energy width generated by the system vibrating between its

extremes is
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where u represents the average encrgy of the oscillatior.

However, the correct quantum mechanicai expression for the: average‘}
total energy of a hammonic oscillator is (So 56, p. 239):

u-= ;—hu + ;—h—v—?.\r)—l—" ’ (10)
where hv = phonon cnergy. This reduces to the classical result when the
temperature far exceeds the phonon cnergy.

Nix (Ni 69} has calculated the pﬁbnon energy for low-order Legendre
palynomial vibrations as a function of the fissility parameter. A
fissility parameter of 0.55 is found for the heavy partner of element 25,
At this fissility parameter, the phonon enérgy of the lowest two
symmetrical mo‘c‘ies {(n =2 and n = 4) range from 2 to 4 MeV. We will
consider a phonon energy of 3 MeV. Typical temperatures fm" the 175
and 252 MeV reactions are 1.75 and 2.25 MeV, respectively. Using
Fq. (10) to find the average quantum oscillator energy in these two
reactions, and substituting thesc values for the mean energy, u, into
Eq. (9), we obtain a quantum mechanical approximation to the kinetic
energy widths. The ratio of the quantum to classical widths in this

example are

1.12, T = 1.75 MeV

AE
T, T (1.07, T = 2.25 MV
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These results suggest that a proper treatment of the kinetic
cnergy widths requires that at\tentvion be given to thc quantum nature
of the vibration. Howcver,':kc have prcsénted no cvidence concerning the
. magnitude of the vibration phonon. Until it is obtained, the quantum
contribution to the kinctic.energy widths must remainbunclear. It is
important to realize, however, that a large quantal effect on the mean
kinctic energies is not to be expected. Becaus¢the potential energy
is fairly svmmetric about its minimum, the average: kinetic energy is
determined primm;ily by the equilibrium deformation. Our carlier
conclusions concerning cnergy themmalization before breakup remain in-

ract.
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In the past few years, very s&ctessful applications have been, ! &
made of the master eqtﬁation in theoretical ltr;e"atme_znts of the elemeﬁ?al ’ R
or mass distributifﬁs arising in highly inclastic reactions: The
central feature of-these applications is the diffusion‘of the reaction-
complex along thv;: mass asymmetry degrec of freedom (Mo 75). The /ﬁ\\/'

A

exchange of nucleons is recognized as a stochastic transport phénomenon, °
" BN

o

well known in statistical mechanics (I\o 74) = v LT

It is convenlcnt to label the mass asymmetry of the reaction

Yy

complex by the atomic number (Z) of one of the two contacting nuclei.

The tire evolution of the mass asymmetry population, C(Z,t), can be

expressed by the master equation 37 i SN c
) = I (pigCZ'0) = pypiCLZ,0) ) @
A . e i . . R

where C is the t]ﬁne derivative of the population, and Pzy is the
macroscopic transition probability from configuration 2 to.2',

Norenberg (No 75) has identified three physical.zénditions which
must be satisfied in order for the master ed:\ation to be applied:

(i) The relative kinetic eriergy and/or thj,e‘ projectile and

(x

target masses must be sufficiently large, so that the 'wave length of L

relative motion is small compared wig}i the suize of the interaction

o
region. AR it - T
(ii) The identity of the two reacting nur'le1 must be malnt}med

during the reaction in order for the mass asymnet; ; to be a relfmﬁ:\

degree of freedom.
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(iii) Many degrees of freedom must be involved in the reaction,
to insureithat the nucleon tfansfer process is a stochastic one. Excita-

tions of specific collective modes must decay into egquilibrium with the

other degrees of freedom on a time scale which is small compared to the’:
reaction time. =

= =

.. The applicability of the master equation is discussed in some

7 "

« detail by Morotto (Mo 76c) and Norenberg (No 76). One needs now to
evaluate the tran51t10n probabilities Pyzr and to 1dent/1fy the ra.nge

of slinmat.lon in Eq. (1)

“

The macroscopm transition probab111t1es can be wrltten as (see
Re 65, section 15.2):

Paze = Xgziepe
zvr\= )‘Z;:Z"Z . ¢
dgzn = Az'z .

-where >‘ZZ‘ is the microscopic transition probability (which is symnetrlc
‘because of microscopic rever51b111ty), Pz and Pz, are the statlstlcal
weights of the macroscopic configurations Z and Z°'. The statistical

weight can be identified with the level density of the reaction crmplex:
py = 0(E - V(2))

where E is the total energy and V(Z) is the wtentiél (incluciing

‘rctational) emergy. When V(Z) is small the level density can be

;+ expanded (Mo 75):
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p(E-V(Z) = p () ™V (D/T
J

where

1 (alnp)
T SET E
vhich is théjinverse ofi'the temperature.
The microscopic transition probability has been usefully
expressed as (bb 75): o
kf

Azgr =

—
Y] P3Pz

where k is a term having the units of flux, and f is a form fact - equal
to the contact area between the reacting model:

RRy

= 21 d, d=1fu

Ri*Ry
where Ry and R, are thé radii of the nuclei. The macroséépic transition
probabilities can now be rewritten as:

V(Z) - V(@' '
bype = kf exp (1L VED) @

The sum in Eq. (1) can be restricted to Z'-= Z:1, in the context
of the independent particle model. The master equation can be written
as:

¢z, = 3, kf exp(\lz—'%{r\iz—)) [C(Z‘,t)exp(-V(Z]/T) -

Zt=7+1 )
Oz, t)exp (V"2 |



This equation has been successfully lised in the analysis of several

heavy ion reactions (Mo 76b, Wo 77, Ca 78).

2. The Z Distribution in the Ne + Au Reaction

We have mentioned earlier that highly inelastic reactions involve
transfer of a large fraction of the projectile kinetic energy to internal
degrees of freedom of the system, and may also be"“:;‘?corrpanied by
exchange of many nucleons between the reacting nuclé‘if;

Our analysis in Section ITL.A. led us to conclude“that the kinetic
energy of deep inelastic Ne + Au reactions proceeds to equilibration
during the lifetime of reactions for which the light-product atomic
number is greater than 12. (The admixture of a continuum of reaction
types from e]asti;: to deep inelastic prevented analysis of lighter
products). We shall now investigate the extemt to which the distribution
of reaction product atomic mumbers can be characterized by just the
temperature of the system and its total mass -- independent of the initial
mass asymmetry.

The laboratory differential cross section as a function of atomic
number, Z, for the 175 and 252 MeV reactions, is shown in Figs. 23 and
24. Data for B different laboratory angles are shown. Figures 25 and
26 show the center of mass differential cross sections. The differential
cross sections (do/d0) for elements above atomic number 14 have been
fitted with 2nd order polynomials and integrated from 0 to 360 degrees.
The results are shown in Fig. 27. The large yield in Figs. 25 and 26
of products simila‘f to Ne reflects, in part, a contribtuioﬁ of quasi-

elastic reactions. However, this cannot explain the increase in yield
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252 MeV ®Ne + *¥7au
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252 MeV 2®Ne + 197ay
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Fig. 26 Same as Fig. 25 for 252 MeV projectile energy.
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number 14.

Integrated over full angular ramge.



-70-

from atomic numbers 16 to 13 at forward and intermediate angles,
because the kinetic encrgies of these products are thermalized. The
explanation lies in examination of the degree to which the Z
distribution has reached equilibration, as has becn observed in other

highly inelastic reactions (Ba 75, Ga 75, Mo 75c, Mo 76, Ru 77).

3. Testing the Equilibration
We shall now develop a theoretical expression for the
equilibrium atomic number distribution, and compare it with the
observed distributions. For the potential energy as a function of
atomic number, V(Z), we will use the liquid drop formula developed
in Section ITI.A.2, evaluated at the equilibrium deformation of the
two touching nuclei. The temperature, T(Z), is also evaluated at
the equilibrium deformation. Figure 28 shows the potential energy
versus Z for a range of angular momenta. In our discussion we will
consider only the average angular momentum for cach reaction energy:
67h for 175 MeV and 97h for 252 MeV. The normalized equilibrium
distribution is:
VD/T(@)
WiZ) = ————— (4)
7 e V(2)/T(2)
5
We begin our analysis by comparing the observed relative
population of different mass asymmetries (atomic numbers) with the
theoretical equilibrium values. The following quantity is to be

considered:
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Fig. 28 Minimum potential energy along deformation coordinate for
touching nuclei, versus atomic number of the light fragment.
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where W(Z2Z)} is evaluated from Lq. (4), and o(Z) is based on the data of
Fig. 27. The ratio W(Z)/W(30) represents the shape of the distribution
at equilibrium, if we neglect the possibility of fission of the heavy
partners of the lightest elements. However, fission of these heavy
clements would not greatly alter the shape of the Z distribution, if it
is fully cquilibrated, because their masses are nearly equal to the
total mass of the Ne + Au system.

1f the experimental distribution is equilibrated, the ratio R(Z)
will cqual unity for all elements. The values of R(Z) for both
projectile cnergies are shown in Fig. 29. We see that R(Z) is less
than wnity for atomic numbers less than 30 and (for the 252 MeV
recaction) greater than unity for atamic numbers above 30. This means
that the experimental distribution is less steep than the theoretical
ecquilibrium distribution at both reaction energies. In other words,
the experimental distributions are weighted towards the initial mass
asymmetry more than are the equilibrium distributions. Nucleon
exchange does not proceed long enough for the reaction system to fully
sample all mass asymmetries and to populate them according to their
statistical weights.

It is very interesting to note, however, that the function R(2)
at the two different reaction energies agrees closely. This certainly
docs not represcnt a close similarity between the experimental

distributions, which we see from Fig. 27 are quite different in slope.
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Rather, we sec here that the degree to which the-system has a}iproached
an cquilibrium Z distribution.is very similar for the two reaction

energics,

1

4. Non-Equilibrium Model
“We shall vnow attempt to‘w provide a somewhat fundamental context

in which to understand theﬂidegreewof equilibration’of fhe z !

distribution. Consider an ensemble of Ne + Au nucléi ,\ all of which

started reacting at the same instant. We shall define the followin‘g‘;"'

quantities for this ensemble: C(Z,t) = tile nunbertof reacting pairs

for which the light-fragment atamic number is Z, at time t.

p,(2) = the probability per unit time At of transfer of one proton

to the light fragment (of atomic number Z), to increase the asymmetry

index from Z to Z+1.

p. {Z+1) = the probability per unit time st of tranifer of one proton

from the light fragment (of atomic number 2+1) to decrease the

asymmetry index from Z+1 to Z. N

The unit of time, At, is defined in such a way that the transfer

probabilities p,(2) and\\p_(z+1) are normalized to unity:
S ’
p,(2) +p_(241) =1 (6)

For any specified values of Z and Z+1, the wpit of time At is a well
defined ensemble average. The absolute rate of transfer of one proton

to the light fragment of atomic mumber Z is, from Eq. (2):

- x
p2’2+1 kf €
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. where x = Y(2)-V(E+) - -1 3V » y o
a

. The absolute rate of transfer of one-
7T 2T 3z

proton from the light {7jgment of atomic number Z+1 is Likewise:

= L=

wla>

pz+1’z = kf e ™. . ’ ‘

@

0
The ensemble-averaged time At and the relative transfer probabilities
I o N

P, () and p_(Z+1) are: ‘ ' S o

At = 1 o g ‘
Pz za1 *Pzer,z

Pz o741
p,(2) = o »
* Pzze1 Y P, T

+l,Z

p B
- p_(Z+1} = —Z+1_)_Z_____

; Pz,241 ¥ Pze1,z

One can readily see the relation between thv time interval At and-

the coeff1c1ent kf, which contams the absolute'rate information. From

the defmltlon of At:

L2
11 Ly = oL X ,

At = —_—— = e = 1~ - .
KE X, % ok o) T ag o )

iy

Noting that .\';i% g—‘z/- which is usually sm;.'ll (Mo 76¢), we see that

It is evident that At is a precisely defined and phys__jcéll;r
meaningful quantity. We encounter an approximation, however, hhen we ==\

assume that a single value of the time interval, At nmmahz'*s the
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tmn'sfer prohabxhtmu for alluva]ur-s of Z. In so doing, W& ignore

" the varmt();-n with mass, a';ynmctr)' of the absolute transfer rate.

c

= : Thls v.armt]on arises prcdommantly from the varlatlon in the size

of the windoW o')cning bctwccn the nuclei. The temperature. varidation with

. ° mu,hrfalso be cxpcc»ed to causc some veriation in the transfer ratc.
N -We shall now deyplop cxp*es';\on':. for the normalized transfer
I & ‘u‘ [9]
probnhllxtms. The net flux between two successive clements of atomic
o~ ' A Y & 2
mmber = and Z+1 i . ; ¢
.o ; s v L ‘
B J: 4] C CZ,t)p (2), - Cl2+1,t)p_(2+1) .. B (")
ST »
o P
R When ‘the I distilibution has cquilibrated{ this {lux must vanish. This

Q
Tondition ‘of cyuilibrium can be expressed by the relation:

I T
y . “ 19 i
“ p_(Z41) - B o
Ji = I . .Y 8y,
e & m >
o From Eq. (8) we know that the equilibrium d1str1but10n is of the form
1‘,) Tl = Aexp \’PW’I( )) Combining this rcsult w1th the normalx’atmn
o o
u.ondltm'x Lq ft:), one obtams the following functional forms* for the
normalized transf(.?r probah111t1cs at equi "‘brxu'n
] ) / a
\ 2 L
. ) ’ © o
., ‘ 'V(a*l)/T("l) oo L
0o p,(2) = < S (9)
- -V[Z+1)/T(Z+1) -\ (Z)/T(A) o
5 N .
R : N/
N v Cp (241) = o . (19
, A JRGS P. ) :é'V(Zfl")/T(Z‘l)' -V(Z)/T(25 o s
iy - “ ) - oo L.
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B\ assuming th;’lt the time development towards equilibriun of
the Z distribution is governed th the phase space available to cach
asymmetry, the traﬁ'sf(‘r» probabilities determined at cquilibrium can
e arplied throughout the time dgvelopment. 'l‘hii?:asswnption is in fact
Norenberg's third condition for the applicabilit.y of the master equation,
as described in Section I11.B.1. "

1t should be noted that the physical basis of these equations
is the same as that for the cxprczssion derived by Moretto (Mo 76c) and
presented as Fq. (2) above. Equations (9) and (10), however, contain
~no information about the absolute rate, One can readily see that

ki:\s..(Q) and (10} arc of the same form as Egq. (2), to within a multi-

multiplicative factor containing the absolute rate information. We- -
ignore the I dependence of the temperature, and define:

= 37

1 <

VG vE 1)

which is commonly a small number (Mo 76c). Then p, (Z) can be written

X

; p.(2) = e 2. 1 ~ 1
+ oXa1 l+[l+_7;;>...) ] 1+%_ x+. .. =2
V(Z}-V(2+1
2T .

which is proporticnal to the expression in Eq. (2).
Tne Z-dependent potential and temperature which we used earlier

have each been fitted with a second order polynomial in the Z range.

i,
- o

7
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from 10 to 79, and the resulting cquations were used to evaluate p, and
P for the 175 and 252 MeV redctions. The resulting transfer
probabilities are shown in Fig. 30. If the potcnk‘tia] cnergy divided

by the temperature, as a function of atomic number, were perfectly flat,

#p, and p_ would each equal ,1,. . Where V/T has a negative slope (as in

the 2 range from 10 to 45) the 2 distribution will drift "downkill"
towards larger atomic numbers, so p, will exceed p_. ‘

We are now in a position to culculaté the time development, in
units of £1, of the 175 and 252 MeV 2 distributions. We employ the
following fom of the master cqua;ion for the change in C(Z,t) during
one transfer time At: ‘

O % R

ot Yza1,7 7

= C(Z+1,t)p_(2+1) + C(Z-1,t)p,(2-1) - C(Z,0)(p,(Z) *+ p (2))

(11)

Wwe have developed va]lfbs for the transfer probability in the Z range
from 10 to 79. We shall simplify this calculation by permanently
removing all reaction pairs from the ensemble of reacting nuclei,
which diffusc outside this range. This corresponds to thole pairs

*dropping" into the very steep potential well at the extremes of the

Z range.
5 )
The ensemble is started at t=0 with 1000 Ne + Au pairs.
Figures 31 and 32 show the Z distributions at six different times, for

the 175 and 252 MeV cases. The times}in units of At are 10, 20, 40, 80,
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Fig. 30 Transfer probabilities versus the light-fragment atomlc number,
for both 175 and 252 MeV projectile energies.
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Fig. 31 Calculated distribution of elements at six different times,
based on diffusion model. 175 MeV projectile energy.
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120 and 300, We see the drift of the light and heavy mass fragments o
towards syrmetry.  The movement is quick early in the reaction,
slowing dovn as the cquilibriun distribution is obtained.

In Figure 33 we overlay the Z distribu:ions for both reaction
energies at four times - 10, 40,80 and 300D 2t units. The distribution
in the 175 MeV cane moves slightly faster because the positive transfer
probability is somewhat larger. On the other hand, the equilibriuwa
in the 252 YeV casc 1« somevhat broader, due to the greater temperature
at this reaction enerygy.  We sce in hoth cascs that the distribution
i~ fully equilibroted at t = 300, and that the degree of equilibration
at the other times is similar for both reactions, We can now

understand our carlier observation that the degree of equilibration

of the Z distribution at the two reaction energics is quite similar.

This arises from the fact that rht; time development and lifetime

W - -
{in At untts) for both svstems arcevalike for Z's from 20 to 30.

a. talculation of Diffusion with Secondary Fission
Up to this point, our analysis of the clemental distributions has
focussed on understanding their degree of cquilibration., To this cnd,
we have stukdied the relative yield as a function of Z. It is now
appropriate to test our understanding of the absolute cross section.
{onsiderable theoretical effort has been devoted to explaining
the 2 distributions of hcavy ion reactions, employing a diffusion
model based on the master equation (see section II1.B.1.) We have
used a code developed by Sventek and Moretto to calculate 2
distributions in the 175 and 252 MeV Ne + Au reactions (M 75, Sv 78).
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Fig. 33 Same as Figs. 32 and 33 - overlay of diffusion calculations

at both 175 and 252 MeV projectile energies at four different times.



COTRin provram solves the equations of motion for the reaction by

a ligquil drop potential augmented by one-body friction,

oo g

frae the ot catealate o ceveral bey dynigircal properties:  the

an reaction Jifetime, the averave overlap of the nuclei and the

darount of angular rorentun comverted toointernal spin of the frapgments
produced, tath thrs anformation ot then calculates the I distribution
produce? by diftucdnon and the angutar distribution for cach product.
This vede has succes fully reproduced the T distributions of several
react tons,  When applied to the Neo+ Aa case, Lho‘calculmcd z
divtribution differs greatly from the data in both magnitude and
stope.  The observed center of mass cross section increases
monotonically from about 1 to 100 charn., in the 2 range from 20
to 3. The calculated distribution in this O range falls steadily
from about & to less than 0.1 mbarns,

This discrepancy hetween theory and experiment may perhaps
be rectified by accoumting for the possibility of fission of the
compound nucleus or of heavy fragments formed in the reaction. This
has been tested in the following manner, The code mentioned abhove
cas used to calculate the © distribution, as well as the excitation
energy and internal spin of the heavy fragment, for each incident
angular momentum {L). With this information the fission probability
was calculated, in competition with neutron cmission. The 2
distributions from {ission were calculated using a Gaussian function.
The procedure will now be described in more detail.

The fission barrier with respect to the rotating equilibrium

shape is



L W oo r 5
by = B Rl Hﬂq * ch) 12

wiere '1:‘, and ‘I:(‘ are the masses of the rotating saddle and
wad i
. r -
cauthibr i, shapes respectively, and R:m and ch are the corresponding
rotational encrcies, The energy of the rotating cquilibrium shape

with respect to the rotatine spherical shape is

SR AL T A S (13)

" (oY (T sph <oh
1 1 t

i~ the mass of the spherical nucleus and R:ph is the

corresponding rotational ererpy. I‘“ is generally nepative.
The quantitics [.T. and by are functions of the fissility
parameter (x) and the rotation parameter {¥). These are expressed

in tems of spherical 1iquid drop energics as

x = 197210 = 0.01995 27/A
o >

Ikl "':‘
¥ = 12412 = 1,479 07/ /3

where 12 is the sclf-Coulomb cnergy, E? is the rotational cnergy, r:

sha
wnal

is suirface vnvrgy and J is the angular momentum. When calculating
the rotation paramcter of the heavy fragment, the J is taken as the
internal spin obtained from Sventek's code. The quantities E} and
l:n have been calculated by Plasil and Swiatecki, and are tabulated

hy Vandenbosch et al (Va 73, pp 246, 248).
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The excitation energy at specrfied L-wave, L, 1s calculated in
Sventel's code with respect to the rotating spherical contacting

nacler, Thercefore the frssaon barrier of anterest e
et by oo (14

the barrier to emtasion of an <-wave neutron, l',n, 15 laken as the
norvil wround-state neutron binding eneroy. Using these quantitios,
the 1atio of nentron emiaon 1o frssion probability can be expressed

HERAT TS SIDERY § Bl H

. 25, v
Ly W _..(_(l B,

1/2 1/2 172 1/2
e 7, - - P> -
LY A VX T [2a, 7 (- By Zag " T(-Epr )
ot =it : f
(15)
» 5 . .
where EU = Yl"/.’mr('; = 10 MeV, A Qs the atomic number, ar and a, are the
level density parameters at the saddle point for {ission and for neutron
vmission respectively. It has been noted by many authors that the
ratio :l{/:‘ln may range from 1.0 to 1.5, depending on the mass and
excitation energy (Va 73, p 2305 b 73).
It is important to inclwle the possibility of fission after
single or multiple neutron emission. After each neutron emission,
the excitation cnergy is revised by subtracting the neutron binding
cneryy and the average ncutron kinetic energy (twice the temperature
of the residual nuclcus). The ratio rn/rf is recalculated at each
step. The total fission probability for the heavy fragment (or

compound nucleus) of atomic mumber Z at angular momentum L is



3
. h-1
wi - LN (i)
) - ) p
Peos 2 Py ( . l.!{ ) (16}
Iy =
Wt I't.k i~ the fission probability at the h-th step. This is
relate

Jote the neutron and fission widths at this step by

[ T N PR § ¥
'f' r t r * ‘n ) (17)
Che npper Dot ot the saean by clog as detemianed by allowing

the o gteration to proceed until either fission or neutron emission

1~ overhelrangly lihelv.  The specific condition used for terminating
tie 1teration g~

P(f“ 009 or 1’}” s w0l
The nomalized distribution of clements :f arising {rom the

flssjon of & heavy fragment of atamic number I is approximated by
tNi 65}

2

e, m . 1
FSpil) = Nexpl-fU-5) /cm] (18)
where: U= Zf/:

Ca ™ 2T/ Km

K, = stiffness of the potential in the mss?asymletry coordinate.
Values for K were taken from Fig. 14 of Ni 6S.

1 2
N = normalization = f exp[-(U-%-) /6,1du
o
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The final fission%ield of clement I is obtained by suming

over the full L-wave and 2 ranpes:

. — oo L . pgm e m
fission [“f) - Z:Z }f () ‘diff (<) ”"f' <) (14
< L2 .
where 7}1';” (Z) i~ the calculated cross scction for diffusive production

of clement D oat incident angular momentum 1., o !

' L : -
. Z), as predicted

digr ()P ¢

by the diffusion calculation, are shown in Figs. 33.1 and 33.2 for

The distribution of heavy fragments o

five L-waves, (ne sees strung ])cdkinf: of the distribution around
I = 80. ‘The breadth of the distribution ‘dccrc-asc-:; with angular
morentin.  The diffusion ,cnlculnt\ion assumes that if the light- fragnent

atomic number is reduced to d or less, a hca'npound nucleus is E
irrevocably formed. One sees that the compound nucleus cr”oss section R
{at Z = 89) calculated in this way decreases with increasing l-ivave, o
due to the decreasing life time.
The multi-chance fi:;sion probability of Eq. (16) is plotted

in Figs. 33.3 through 33.9 for the 175 and 252 MeV cases. Values ofD

the level density parameter ratio,‘nf/an, ranging from 1.0 to 1.6

arc used. Each figurc shows the fission probability for three L-waves.
Consider the 175 MeV case first. When the level density parameter ’
"ration (LDPR) is 1.0 (Fig. 33.3) the fission probability falls E
precipitously for all elements lighter than the compound nucleus. *

wWhen the LDPR is 1.2 (Fig. 33.4) the compound nucleus and the several
heaviest fragments have appreciable fission probabilities. Nhelk:thé::

LDPR is 1.4 (Fig. 33.5) fission occurs upprecinbly for fragments as
4 2t

-
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Fig. 33.3 Calculated multi-chance fission probability for heawvy
elements, at 3 incident angular momenta. LDPR = 1.0, 175 MeV
projectile energy.
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Fig. 33.4 Same as Fig. 33.3. LDPR = 1.2, 175 MeV projectile energy.
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Fig. 33.5 GSame as Fig. 33.3. LDPR = 1.4. 175 MeV projectile energy.
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light as the target. Further increasc in the LDPR will extend the
range of significant fissility to iightcr products. However, since
the calculated diffusion yield drops rapidly for products lighter
than Au, additional increases in the LDPR will have diminishing effect
on the fission vield. A similar phenomenon is observed in the
252 MeV case (Figs. 33.6 to 33.9). When the LDPR is 1.4, appreciable
fissility is to be expected from fragments somewhat lighter than Au
{as well as heavier ones). Increasc of the LDPR to 1.6 indeed extends
the range of fissility to lighter fragments. 1t will be seen that
this has a diminished cffect on the fission vield, due to the sharp
decrease in diffusion cross section for these lighter nuclei.

By cmploving the largest values of the LDPR (1.4 at 175 Mel,
1.0 at 252 Mel) qualitative agreement can be obtained between
calculation and experiment in the Z range from about 20 to 34, In
Figs. 33.10 and 33.11 the fission yield is added to the diffusion
yield, and compared with the experimental data (the single points).
Also, the diffusion yield is shown alone., Onc sees that above about
Z = 25 the fission yield dominates the calculated cross section.
The fission yield increases with increasing Z, as does the data,
while the diffusion yield decreases. One notices that the diffusion
yield dominates for the lighter products, and considerably exceeds
the data. This is most likely to be due to the limited angular
range over which the experimental data were measured. The cross
scction at the most forward angles may have been significantly

underestimated by extrapolation from the measured angular range,
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252 MeV
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Fig. 33.6 Same as Fig. 33.3. LDPR = 1.0. 252 MeV projectile energy.
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252 MeV
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Fig. 33.7 Same as Fig. 33.3. LDPR = 1.2, 252 MeV projectile energy.



-97-

252 MeV

a,/a, = 1.4

181 LI L L O O L L] ‘l T 1T rrrrrrrirtrri1rrrid I_?
i@° |
3 o 3

: 129.6 ]
187 =
E 3

C ’
1075 =
1073 =
3

1974 e
1@™s E
18-6 [ | N 25 AN N N Y NN SN JN TN (OO0 TN N TN Y N AN AN N T N W I N |

68 rq”] 8e oa

P4

Fig. 33.8 Same as Fig. 33.3 LDPR = 1.4.

XBL 785-8907

252 MeV projectile energy.



*£8aaua arridafoxad AN ZEZ '9°T = ¥dQ1 ‘€°¢f "T1d se 2ues pgf ‘814

2268-S84 18X

4
86 a8 as a9

Erllllllllll_ll_lllllll|lf

-1

Iy

E A

e-0T .

- R

E_ =-aT J_I
E - S;-8T
= a@T

_:—Tl { I T DR DU (SN AN N WO NN N JSUN T N N Y NS N O W U N S W

9°f = “b/’p 181

A2H 2S¢

-86-



55

175 MeV

1@3‘Illl"lﬁ—llllllllllllllll—l'llllll:
n B
- fission + |
diffusion
B . Q¢/8n = 4
2 L
1BE
~ C
n
c -
L
0
0
E 19
- C
. -
z C
(&
-]
185:—
I~ diffusion -
1@-1I\IIIIIIJIII!II\I!\lllIiI\\Il
1o 2e 3e 40

XBL 785-8902
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1. General Considerations

ion of thesangular distributidnﬂ of preducts of high'y
inelastic reactions provides a direct qualitative review and confirmation

“of our understanding of thésv reactions. We shall. provide this review
hv consideration of four rouctiogs, hefore returning to the Ne + Au case,

‘The engular dis

ributions of roartioﬁs producéd by ¥, Ne and Ar
projectilcs pré}idc> a ngplc illustration of the non-compound-nucleus
naturc of these reactions. - Génter of mass angular distributions for the
N +Ag (o 75a), Ne + Ag {Ra 75) and Ar + Au 3% 76) reactions arc shown
infrigs. 31 to 3b.  These distrihdtioﬁs are géaerally asymmetrically
pcﬁk;d in the forward direction, especially for p1.ducts similar to the
projectile.  This indicates a coupling between entrance aid exit
channels, The reaction complex can distinguish the forward and backward
directions, which a compound nucleus cannot do.

The degree of forward peaking provides insight into the lifetime
of the reaction complex. The 1ifetime must be short, but not too short,
compared with the mean rotational period of the complex. It must be
shért cnough to prevent multiple rotations before breakup, which would
causce the angular distribution to be symmetrical about 90°; it must be
long cnough to provide some Aotation past 0°, otherwisc the angular
distributions would peak at a side angle. Such side peaking is in fact
observed in the reaction of Kr + Au (Sv 76, Ru 77). In Fig. 37 one
sees chat angular distributions for products of this reaction not too

different in mass from the projectile display very marked side-angle

peaks.
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Another important implication arises from the fact that nearly all
products exhibiting side- or forward-peaked angular distributions, also
display nearly completely equilibrated kinetic energy spectra. This
indicates that the relaxation of the kinetic energy occurs on a time scale
which is quite shart compared to both the rotational period and the
relaxation time for the mass asymmetry degree of frecedom.

By far the most revealing feature of the angular distributions
ix their change in shape with product Z. The degree of forward peaking
(or side peaking in the case of Kr + Au) is stronger for fragments closer
in I to the projectile, and decreascs progressively for fragments further
removed from the projectile. This phenomenon finds its qualitative
cexplanation in the time required for diffusive moticn along the mass
asymmetry coordinate. Products near in Z to the projectile are produced
guickly and can decay with a short lifetime. The angular distributions
for these products are then forward peaked (N, Ne or Ar projectiles),
or side peaked (Kr + Au). Products more differert in Z generally require
longer diffusion times. Such products of N, Ne or Ar reactions display
angular distributions which approach, in varying degree, the 1/sinf shape
expected of a reaction at high angular momentum which may rotate as much
as one or several complete revolutions. The angular distributions of
products of the Kr + Au reaction, both lighter and heavier than the
projectile, display progressive rec2ssion and finzlly disappearance of
the side-angle peak. As with the lighter projectiles, this indicates
increasing lifetime of the reaction complex rclative to the rotational

periad.
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An interesting insight is obtained by noticing how the Z dependence
of the angular distribution varics from one reaction to another. In the
N+ Au and Ne o+ Ag oreactions, the anpuiar distributions remain quite
asymmetrrical, and strongly forward peaked, down to the lowest clements
detected.  ™m the other hand, the angulur distributions of Z's above the
projectile rapidly become symmetrical about 90°.  For cxample, the angular
distribution for clement 15 in the XNe + Ag rcaction has the form of
1/5in. This has been explained by noting (Mo 76b} that the initial
mass asymmetry of the projectile-target complex in these two reactions
is (for most angular momenta) to the left of the Businaro-Gallone peak
in the potcntial energy. (The Businaro-Gallone peak is the maximum in
the potential energy, along the wmmass asymmetry axis. This maximum is
seen very clearly in Fig. 28). Consequently, products lighter than the
projectile arc populated very quickly due to the rapid drift on the
steep potential slope. On the other hand, products heavier than the
projectile are more slowly populuzed by "uphill™ spreading of the
probability distribution. The corsequence is rapid disappearance of
forward peaked angular distributions for products heavier than the
projectile.

It is now instructive to compare the Z dependence of the angular
distribution for the Ar + Au reaction. In this case, the initial mass
asymmetry of the projectile-target complex is to the right of the
Businaro-Gallone peak, on a stecep slope of the potential energy. The
Z distribution rapidly drifts towards more symmetric configurations,
and the angular distributions (Fig. 36) are observed to retain their

-

forward pcaking up to Z = 28. The expected decrease in forward peaking



for products lighter than Ar is not obscrved. It has been pointed out
in this connection (Mo 76b} that the kinetic energy spectra of these
light products are not fully relaxed, while the products heavier than

the projectile display equilibrated cnergy spectra.

2. The Ne + Au Reaction

Experimental center of mass differential cross sections for the
175 and 252 Mel' reactions are shown in Figs. 38 and 39, Brief examination
of these figures shows that products similar in mass to the projectile
display angular distributions which are not symmetrical about 90°, but
rather arc strongly peaked at forward angles. The degree ol forward
peaking diminishes for products further vemoved from the projectile.

One notices this decrease of forward peaking for products both iighter
and heavier than Ne, Tn thesc features, the present angular distributions
are similar in kind to thosc of the reactions just discussed.

A further interesting point is the noticecably different 2
dependence of the angular distributions in the 175 and 252 Me\l reactions.
At the lower projcctile energy the argular distributions are more sharply
torward peaked, and retain their angalar asymmetry to higher Z's, than
at the higher energy. This same feature is seer also in the N + Ag,

Ne + Ag and Ar + Au reactions discussed earlier. Two possible
explanations arc apparent. In connection with the Ar + Au reaction,

it was suggested (Mo 76) that this may be a temperature effect. Because
the diffusion depends on \E/T and not on V2 alone, the driving force

for diffusjon may be stronger in the lower energy (lower temperature)

reaction. Tt should be kept in mind that the range of angular momenta
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is different for the two rcactions, and that thercefore the average
potential is different (and slightly steeper) at the higher energy.
Alternatively, the higher angular momenta likely to contribute to the
high energy reaction could possibly explain the less sharply peaked
angular distributions by increasing the angular velocity of the

reaction complex; the shape of the distribution depends on the relative
magnitude of the lifetime and the rotational period. This also is not

a clear-cut explanation. We know from our study of the kinetic energy
spectra that the moment of inertia increases with angular momentum,

thus perhaps preventing an increase in the angular velocity. It is fair
to say that the widely observed pheromenon of increased angular symmetry

with projectile cnergy is not thoroughly understood.

3. Istimation of the Ne + Au Reaction Lifetime

In Scctions ITIA and B we have examined the extent of
equilibration of the energy and Z distributions. We have completed
our analysis of these fundamental features of deep inelastic reactions
without any discussion of the absolute time scale in which these
rcactions procced. It is from the angular distributions that we shall
deduce -- in an approximate mamner -- absolute lifetimes.

The angular distribution of a particular element is the result
of the full distribution of reaction lifetimes for that product. Our
first aim is to correlate the angle at which a particular event decayed,
with the lifetime for that event. One needs to know the "zero time"
decay angle (OO) to which the event would decay, where the complex to

break up immediately after reclaxation of the kinetic encrgy. One also



v -113-

must know the angular frequency (w) with which the reaction complex
rotates. 0O, is a function of the impact parameter, but in all cases
we shall assume it to be a small angle from the forward beam axis,
forward of the angular range of data collection. This rather drastic
simplification is partly justified by noting that the largest
contribution to the cross section arises from the larger impact
parameters. Also it is to be expoctéd that the projectile is
deflected forward quite early in the reaction by the nuclear attraction
which it experiences. Furthermore, that short lifetimes correspond
to deflection to forward angles in this reaction is supported by the
discussion, in the previous two sub-sections, of the Z dependence of
the angular distributions.

The angular frequency with which the complex rotates likewise
depends on the entrance channel angular momentum. It also fluctuates
in time as the moment of inertia changes due to shape vibrations. We
shall usc that value of w which arises from the equilibrium deformation
of the touching nuclei at the average angular momentum. The calculation
of the equilibrium deformation (in Section III.A) assumes that the
nuclei are rigid ellipsoids. The following short table shows the value

of w and related quantities for the elements we shall examine.
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: Iiprojii peq i Lave 20 @
(Me\Y b (fm)  (Nh) (1o radians/sec)

Moars 1200 C6r . 3.03
17 - 17% 1.31 67 2.71.
23 175 1.34 67 2.24
14 252 1.33 97 4.18
18 252 1.36 97 3.55
23 252 1.38 97 3.08

Figures 40 and 41 show center of mass angular distributions (of
the form da/dD) for three clements produced in the 175 and 252 MeV
reactions. The yield at any angle arises from both "left handed' and
*'right handed" reactions - those in which the projectile stiikes either
the left or right hemispheres of the target (as seen from an incoming
projectile nucleus). The amount of rotation and hence the lifetime of
the complex needed to direct the daughter light fragment O degrees to
onc side of the beam axis is different for "'left handed" and 'right
handed" reactions. Reactions of these two lifetimes are Superimposed
at any angle. Also superimposed are events in which the complex
rotated by more than 360° from 0, This effect will be ignored. In
the Z = 14, 17 and 18 cases this is quite well justified because the

cross section falls so markedly at backward angles. For the Z = 23
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cases this is not so; the computed lifetimes for this element are to
be secn as lower limits.

Contribution to the cross section on one side of the beam at
angles larger than the “zero time" angle, 9, is due primarily to
reactions in which the projectile struck the target nucleus on the
other side. Contribution to the cross section at angles larger than
(% by reactions in which the projectile struck on the same side of the
target nucleus requires much longer rotation, approaching 360°, and can
be ignored without introducing much inaccuracy. We are ignoring the
variation of 9, with angular momentum, and are primarily considering
those large L-waves which bear most of the cross section, and for
which 9 is small. Our experimental measurements are approximately
limited to angles larger than 9. and thus primarily represent the
distribution of angular rotations for just "left handed" or ''right
handed™ reactions.

Consequently the cross section for element Z at O degrees
{from the beam axis (where @ > Oo] is proportional to the probability
of the reaction complex rotating by Oo + @ degrees before decaying to
produce element Z. The angular distribution for each Z has been
reproduced for a number of reactions by employing the time dependent
Z distributions calculated with the master equation (see Section III B).
These distributions are summed over the range of impact parameters,
with suitable weighting. With a model for the overall reaction lifetime,

this sum is averaged over time to produce the angular distribution.
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This is described more fully elsevhere (Mo 75, Sv 76}. A much simpler
and more qualitative approach is taken here. We shall empirically fit
the angular distributions in the range for which they have been measured,
and use the fitted functions to calculate the mean angular rotation
over the full range of rotation. This fitting is done using a decaying
exponential of the fom 0_0/)‘ which, it is scen from Figs. 40 and 41,
approximates the data reasonably well. The fitted values o7 2, in
degrees, arce shown in the [igures.

The lifetime associated with decay to angle © is t = (0 + OO)/u.
Recall that 05 is the angle from the forward beam axis to which the
complex would decay, were it to break up immediately after relaxation
of the kinetic energy. For the purposc of our estimation of the

average lifetime, we can ignore O0 as compared to 0. The average

lifetime is

20
f 8 0 g
w

— ]

t —_——————————
ave Zm
f o9 4o
[¢)

The following table shows the calculated average lifetimes.
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S N
(Me\) (radians) (10 sec)

14 175 0.698 2.3

17 " 1.57 5.4

23 " 5.24 1

14 252 1.15 2.7
18 " 2.32 5.3

23 " 4.24 7.8

We have now achieved our aim of qualitatively estimating the
absolute reaction lifetimes. In the Z range from 14 to 23 it increases
from about 10" to 10720 second. Lighter products are undoubtedly
produced mere quickly. In the previous section, we found that the
lifetimes of Z's from 20 to 30 were all nearly tie same. The lifetimes
of such products, computed by the method of the present section, will
be close to the value for element 23 because the angular distributions
of these elements are all similar in shape. A lifetime of 10'20
second should be viewed as a lower limit for products heavier than
atomic number 23. It is worthwhile to note that mean lifetimes for the
Ar + Ag (Mo 75) and Kr + Au (Sv 76) reactions, calculated with more

21

precise techniques, are 2.5 and 3.5 x 10 “" seconds respectively. (The

latter is the value at L = Oh).
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A, Appendix I. Derivations
1. DBerivation of Kinetic and Potential Energy Equations
‘The following basic quantities must be defined:

L. = total angular momenturi.

»
"

orbital angular momentum.

I = total moment of inertia of the reaction complex.

I. = moment of inertia for fragment j (= 1 or 2).
1. = orbital moment of inertia of the reaction complex.
M. = mass of fragment j.

M = reduced mass of the complex = ,\11:\12/(1\11 + MZ] .

R. = cylindrical symmetry semi-axis of fragment j.
bj = transverse semi-axis of fragment j.
1/3

= spherical radius of fragment j = 1,225 MJ- + 1.0 fm.

0 = Rl/Rlo = RZ/RZO.
The ;uhscript o represents the subscripted quantity for spherical shape.
We can now proceed to develop expressions for the kinetic and potential
energies.

The moment of inertia of each ellipsoid (whether oblate or prolate)
is (Pe 74, p. 80).
I = D ijjz(bjz )
where D is the uniform density. The major and minor semi-axes are
related by the constraint of constant volume:

spherical volume = Vj = %-n bj ZRJ. = ellipsoidal volume.



;3 RY
So b.” = —]—4"Rj = ?

which results in

3
R.
o)
Ij R D\'jRj [1+ -RJ—
or
clyg2[i.1].1,2 1_)
I_) SM\RJ [l+ 3] 7P (l+ 3 130 1)
p P
’ _ 2R
where Ijo =3 MJ-RJ.0

The relative moment of inertia is

. 2 2 2
1, = MR +R)Z = oBiRy +Ry)E = 0P )

The total moment of inertia can be written explicitly in terms of

pas I = 11+I._,*Ir

1 1 2
=70 (1+p—3)(110+120)+p1ro

12,1 2
'Z'D(DT'U (o * Tp) * 07 I

fl

I, +1
p2Io [1 (L_ Y Zlo "2 1] = 1,F(0) )

3
< o Iy

which defines F(p).



-122-
The total rotational energy is

thZ 12 2 E
Eo= P I A - _Io
LY RRIOEERIO)

(3)
Fmploying the assumption of rigid sticking rotatien, the total angular
momentum is reiated to the angular frequency w, as L=1lw= (Il + Iz - Ir) W

from which we sce that the orbital angular momentum is

2
1 I_L 2
PRV ST I (5)
L O F(o)T, Fla) "o
The orhital rotational cnergy is
ki
12 1?22 0%
orh 2 Ir 2 F(p)2 12 F( )z orb,o

, (6)

The surface cnergy of each fragment is calculated as ES
whera ey

37
is the surface energy per unit area of a spherical nucleus
and equals 0.801 ‘I;cz\’ and Sj is the ellipsoidal surface area of fragment j,
The surface area of a prolate cllipsoid is (Ho 46, p. 246)
S5 = b + o thjsin'le
vhere ¢ =

RZ- b2
eccentricity of the ellipse =

J J_- o1 -1
R p3



2
1 P . -1 1
S. =S, + —= Sin - —1= S 7
% SJO[?F 5 S & poJ S0 Gpto) "
0o
_ 2 s .
vhere Sjo = 4n ch , and which defines Gp(o)
The surface area of an oblate cllipsoid is (Ho 46, p. 264)
2
, TR,
= 2nh.” J o, 1l+e
Sj = by v =i
2 2
b.” - R. 3
where € = cccentricity of the ellipse = "'LE.—L =41-p
J

In tems of p, the surface arca is

R 1.1 _» 1+¥1-p3
%1 750 [— TSt (“L” = $j0 6P ®)

1-4y1-p3
which defines Go(p]. The Surface energy for both ellipsoids is

Eg(s) = ey(S) + S,0) G () = Fgy G,(0), X =poro )

The exact Coulomb interaction between collinear ellipsoids is
expressed by the following equation (Qu 69)

r(o)=1'4“122- Sl s x? el xly s
e R W0 4,7 52 1 X3
1 %2

7 [FGxyuxg) + FCoxpxp) + FOxy, =Xp) + F(-xp, = )]} = B W(x) ,x,)
(10)

which defines W(xl,xz) and
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RZ - n? R
! < i
vhere x ¢ = 2 1 o ¢ ].._7 i=1,2
(Rp#R2)2 o7 (1R,
(]+>.]+>\,) 2 2
and ”\I’\7) B S (1-3(x *\7)+1- XX »d(xl X, )Zn(]+x14x2)
X)X
1 72
1.44 2122
and I = monopole canponent of the interaction _R;TR:,_ MeV

fquation (10} is a real function when both cllipsoids are prolate. When
cither or both arc ohlate, Eq. (10) is a complex function, in which case
0.1 the real part is of physical interest. This has been checked by
conparing the real part of Iiq. (10), for complex X and X3, with the
multipole expansion given by Cohen and Swiatecki (Co 62, p. 167).

The self Coulomb cnergy of two spherical nuclei is

2 2
3 4
bice ® 0.710(:\_[754 -173)“e\.

When they are prolate the self Coulomb cnergy is

- 1/3

l+e _
:.,—(] €”) fznﬁ_ () (11

l:'ﬁ'C(D) =L SCOP

sCo

where € = eccentricity of the ellipse = 4/1 -—IT
p

When they arc oblate the self Coulomb energy is

5 1/3 1 1
geln) = Lgoq (1#y7) yoran,* Egeofo(P) 12



2 n
vhere y= = - 1 (this is not the eccentricity of the cllipse).

is)
[72] fand

So in general, the self Coulomb energy of two ellipsoids is

Iisc(o) = Esco .Kx(o) ,X=poro.

2. Evaporation Recoil Energy

We begin by considering the frame of reference in which the

parent fragment is at rest before evaporation begins. The fragment's-

momentum, ﬁn . when all evaporation has been completed (N steps) can

be written as the vectorial sum of the momentum of cach emitted

particle, ﬁi .
N

N 5 A

1=1

Squaring both sides yields

N N N

Pl =L opfe Pl
1= i=1 j=in t )
N N N

2
=X r°+2)Y X P.Poose. a4
i\l ? i=] j=inn 131
where oii is the angle between the ith and jth particle directions.

We shall assume that there is no correlation between the direction of
emission of the particles, and that this emission is isotropic. This
means that C°50i_j varies randomly between -1 and +1, When we average

Eq. (14) over many events, the double sum vanishes, and we find
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N
{ I;‘Z) - 2 <pf) (15)
i=1

This means that the mean square momentum of the recoiling fragment, in
the pre-emission fragment frame of reference, equais the sum of the mean
square momenta of the particles it emitted. The average momentum of the
cmitted particles decreases along the decay chain, because the temperature
is reduced by the evaporation. The mean square momentum along the decay
chain is defined as

N
=1

)

I72= 3 (P
a

i

Pe

1

So the root mean sguare (RMS) fragment momentum is related to the RS

particle momentum as

Pr (I’n ) = N Pa , (16)

. - - . > .
The pre-emission velocity of the parent fragment is Voo 1ts
post-cmission velocity is i:f and its recoil velocity in the pre-emission
. - 2 . N
frame of reference is ;r = ]’r/;‘\if , where Mf is the post-emission fragment

mass. These three velocities are related vectorially:
V.=V o+ W (an
The post-emission center of mass (QM) energy of the fragment is

> 2
+ . + V.
2\/0 Vp * Ve

}

[

T = 2 _1
Ep= vaf -EMf.[v

So the post-cmission energy can be written explicitly as a function of the
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net recoil angle, O, with respect to the pre-emission divection of the

fragment :
M N, ’ N
Eg(0,) = ﬂ; Ej + Tﬁ: E +2 XET L E, cosO, (18)
_1 2 _ ecs : .
where Ej = 5 MgV, = pre-emission fragment energy in the CHl.
Mn = neutron mass. pz

E = mean energy of the emitted particle = 2ﬂ; .

M_ = pre-emission fragment mass.
o N,
Let us define the evaporated mass fraction as n = - Then
o
Cq. (18) can be written as

o] _ . - n -
Eg(0,) = (1-n)E, + o= B + LJnEOEn coso, (19)
The distribution of recoil directions of the parent fragment
with respect to its pre-emission direction is isotropic, because the
particle emission directions are random and isotropic. This means

that the probability of recoil at angle O, is

Po,) = sz;ne

So we can calculate the moments of the final kinetic energy over all

possible recoil angles. This first moment is



it
(B = ]2 _{rzr(o) sind do
(20}
= . ~ n H
= AmE -y by
The standard deviation is
o, o= '
l.{.
(21)
3. Moments of Evaporation Recoil Energy for a Finite Detector
We can calculate the moments of the kinetic erergy due to
evaporation as
$max Of,mzLx
2nsing j- E(0p)"f(0p)a(0)dog | do
O .
CEYy = 0 {,min (22)
(bmax Of max ‘
2nsing f £(o)a(0p)do, | db
c

8¢ min

where (refer to Fig. 42):


http://27isir.ii

Bl w o
Ny, e =

) R v . .
& = angle “from the center of the detector t\c\\pre~cmission direction of

the fragment.
Cp = CM angular df.‘~flg£ti0ﬂ of the fragmcnf from its"’pré--cmi_ssior‘i
direction.

Fmax © half-angular acceptance (in the CM) of the dcteé:tor,

s Plus the maximum deflection of the fragment. a

E(Of) = CM ecnergy of the fragient.
i Zwsinof

f(\l ) = probability of deflection by Of radians =

u(of) = probability of a particle, deflected by Oé’ reaching the
detector. Sec Fig. 42 and the d15cusswn further on. .

The vectorial relation bctween vf, Vo and v ‘—— Eq. (17) --

leads to the following relation between the CM deflection angle, @

£

and the recoil angle in the fragment's pre-emission frame of reference,

o -
et

v .-
. S T
smof W sm(?e

J si\rg’z'ee

[l'hJ‘2 + ijqcos@e]l/z

With the typical values used earlier; v see that J = 0.0384, givinp

a maximum deflection (at 6, = 90°) of 2.2 degrees.

We can inveri Ey. {23) to give ©® as a function of Of:
e ]
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Fig. 42 Explanation of angles used in Eq. (22) for Appendix I.3.
In Fig. (a) the pre-emission direction of the fragment is within
the area subtended by the detector winisw. The particle remains
within the detector cone after evaporative deflection by Of degrees
In Fig. (b) the pre-emission direction is outside the area of the
window "nd the particle is deflected into the detector.



<3 )
sin O [iljzef - l_;‘zli sinzor + 1]1/2 (24)
This equation, with Eq. (18), allows us to calculate the CM energy as

a function of CM deflection angle Of-

Figure 42 explains the derivation of a(Of). Figure 42(a) depicts
the situation in which the initial particle direction is within the
solid angle subtended by the detector. 1In this case the range of Of
values which reach the detector is between 0 and § + Oa. in Fig. 42(b)
the initial particle direction is outside the solid angle of the
detector. In this case the range of Gf values which reach the detector

is between @ - % and 9 + @, In terms of the quantities defined in

Fig. 42,
1, if D<Rand & < R-D
a(0g) = - (25)
f —72—" otherwise
o
tan2¢ +t:u1"3 Of - Oa2
cosy = (26)

Ztang tan&)f

where e, is in radians.
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B. Appendix IT, Calibration of the Pulsc Height Defect in Solid State

Detectors

1. TIntroduction

As the capability of heavy ion accelerators expands to include
heavier and heavier nuclei at ever greater encrgies, a greater nced
develops for accurate calibration of the cnergy and mass non-linearity
ol solid state detectors. These non-linearities arce defined relative
to the detector response to alpha particles. In general temms, the
pulse height defect (P} is the difference between the detector
response to a heavy ion and to an alpha particle of the same ecnergy.

(A morc precisc definition will be given later). The PHD for a given
incident energy incrcases markedly with mass. For 100 MeV projectiles,
the PHD is roughly 0.6% of the jon energy for Ne, 3% for Ar, 8% for Kr,
12% for Xe, and 205 for Au. The PHD also increases in magnitude with
ion cnergy, being about 2 MeV for Rr at 10 MeV incident energy and 8 MV
for 100 MeV Kr.

Extensive work on the physical basis of the PHD has identified
the major contributing factors. These factors can be grouped into four
categories: 1) loss of free clectrons by recombination of ion pairs;
2) loss of encrgy in low-encrgy non-ionizing collisions with lattice
atoms, leading to phonon excitations; 3) loss of cnergy in the Au
entrance window and underlying surface dead layer (when it exists); and
4) loss of free electrons at "trapping sites' such as lattice defects
or impurities. (Ax 65, Kr 67, Ko 65, Ei 67, Fo 67, Wi 71, St 72, Fi 73).

Identification of the factors contributing to the PHD has been

accompanied by attempts to reproduce each factor with model calculations
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(St 72, Li 63, Ha 66, Fi 73a). Howcver, the most widely used techniques
(Ka 74, Sc 65) for reproducing measured values and cstimating corrections
due to the PID have been strictly cmpifical formulac which lump all
contributing factors into onc or several parameters. Schmitt and
co-workers (Sc 65) developed a widely used 4-parameter calibration
cquation relating the true energy to the observed pulse height. Like
most other efforts of that time, the procedure was based on measuring

the encrgy centroids of the low- and high-mass fission peaks of ZSZCE.

I
(Thermal-neutron {ission of =39

U has also been used (Fi 73). Subsequently,
Kaufman et al. (Ka 74), utilizing beams from a Van de Graaff to recoil-
scatter heavy target nuclel into a Si counter, developed an ampirical
1-parameter formula which fit data measured between 4.5 and 80 MeV.

More recently, Finch et al. (Fi 77) have used a mass separator with
unit mass resolution to study the PHD of fission fragments having masses
between 85-105 and 130-140 amu and energies up to 100 MeV. A major
limitation of the above approaches is imposcd by the 1imited range of
ion energiecs, and masses available from fission (Sc 65, Fi 77, Br 64)
and the restricted energy vange of Tandem Van de Graafs (Wi 71, St 72,
Ka 74),

In the present (Mo 78) work we present PHD measurements made at
Lawrence Berkeley Laboratory's 88-Inch Cyclotron. These measurements
cover a larger mass and energy range than previously reported work, and
use a direct irradiation technique which avoids some errors inherent in
recoil scatter measurements and which provides fragments with unit

atomic number and mass resolution. The experimental technique is
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is described In section 2. In scction 3 we discuss o simple, accurate
power-law formula for representing the measurements, and a reliable
method of deducing calibrations for a large nunber of c¢lements from the
measurement of the PHD for just a fow. Finally, in scction 4 a
conparison is made with the calibration technigque of Kaufman et al.

(R T3y,

2. Lxperimental Procedure

Recent use of the Berkeley £3-Inch cvelotron as a mass
spectrometer for trace bheavy-cloment detection (St 78), radio-isotope
dating (fu 77) and quark scarches (3 77a) led to the present use of
direct cveletron oeams for PHI culibrations. Since it is a source of
projectiles of any stable isotope, over a large cnergy range, the
cyclotron is an extremely useful tool for MID detemminations.  The
cnergy range is limited at the upper end primarily by the maximem
charge state which the ion source can produce, and at the lower end hy
the ability of the machine to accelerate particles on high harmonics of
the lowest cvelotron frequencies. (The harmonic on which a particle
is accelerated is defined as the ratio of the oscillation frcquency
of the cyclotron's eclectric field to the frequency of revolution of
the particle ir its orbital motion within the machine.) Charge states of
Au from u+ to 13+ were extracted from the ion source, and accelerated to
cnergics ranging from about 25 to 140 MeV. Since the cyclotron beam
encrgies are known quite accurately (¢ 0.5% is an upper limit of the
absolute error) the degree of accuracy required for PHD measurements

is routinely achieved. [Lxtremely low intensities of essentially DC
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beam can be reliably obtained, permitting direct irradiation of the
sample detectors without danger of detector damage. The corrections
inherent in scattered-beam experiments (corrections due to uncertainties
in the laboratory scattering angle, detector angular acceptance and
target thickness) are completely avoided.

In this work, 2 Penning lon Gaugé (PIG) source was fed with a
mixture of noble gases (Ne, Ar, Kr, Xe). In addition, cither Au or a
combination of rare carths were mixed with Ta and used in the ion source
as a mixed pellet at the edge of the ion discharge, opposite the anode
opening. In this way many charge states of elements over a large mass
range were produced by the ion source and injected into the cyclotron.
Tuning of the cyclotron frequency, the dee voltage and electrostatic
deflector voltages allowed quick selection of a nnrticular isotope and
charge state. Low intensity beams of 45 diffe:. .+ ions were accelerated
and extracted from the cyclotron during a typical lﬁxhour run. An old,
expendable "search' detector was used to monitor the beam intensity
before exposing the detector to be calibrated, to prevent damage to
this detector by an excessive beam current. Sometimes slight frequency
de-tuning was necessary to lower the beam intensity to acceptable ievels.
Typical beam currents ranged fram ten's to thousand's of particles per
second impinging on the detector. lon cnergies from 5 to 160 MeV were
achieved, without exhausting the potential of the machine.

Since the cyclotron can be tuned very precisely to select one
value of the charge-to-mass ratio, it provides just one specific isotope
at a time to the experimental area in nearly all cases. The extremely

low backgrounds obtained for scveral Au beams arc illustrated in Fig. 43.
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Fig, 43 TPulse height spectrum of counts vs. enerpgy for Av , Au” , Au
and Au beams.  Note the near absence of background events.
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The ability to readily provide monoisotopic and monocnergetic beams
over a broad energy and mass range makes a cyclotron a superb tool
for investigating the mass, charge and energy dependence of the PHD.

Because the cyclotron parameters are known for each ion, and
because no intermediate scattering in a target occurs, the true encrgy
incident at the detector is known very dccurately. The particle energy
is related to its charge Q, mass M, the magnetic field B and the
cyclotron radius R by the uniform field cyclctron equation: E= QZBZRZ/Z)L
Because the magnetic field varies azimuthally, the product B-R is
determined empirically for a given setting of the main field and trim
coil magnet currents. The same magnetic field was used in accelerating
all the beams of one run. The absolute energy scale was determined from
parameter systematics of the cyclotron (Hi 69, Bu 72). The value of the
ion charge and mass were determined unequivocally in nearly all cases
from knowledge of the exact cyclotron frequency and the approximate ion
energy as described more fully elsewhere (St 78).

The pulse height response of the detector to alpha particles was

lePb source, which emits two alpha particles of

measurcd using a thin
substantially different energies in its decay chain. This calibration
was extrapolated to higher energies using a mercury pulser. The alpha
particle calibration defines an "alpha energy', E,» for the centroid
of ecach spectrum. The true total cnergy, Ep, minus the energy loss

E. of the heavy ion in the detector window, vields the "deposited
energy”, Ey. The PHD is then defined as the difference between the

deposited energy and the alpha energy:



PHD = (B - 1) - L = By - F (1)

W 1
It should be noted that this definition of the PID differs from that
used by some other workers (e.g. ref. Ka 74) by cxcluding the cnergy
loss in the detector surface dead layer from the PHD, Becausce the
surface dead laver thickness can he measured without great difficulty,
and since it varies from one detector tyne to another, it seems betrer
to treat it sceparately in a general method for calibrating the PHD.

The experiments reported on ir this work were performed with a
single heavy ion Si surface barrier detector {ORTEC 15-016C) of 300 um
depletion zlcl;th and 1000 Q-an resistivity which was operated at its
specified bias voltage of 150 volts. The variation of the PHD with
detector tvpe has been previously investigated extensively (Wi 71, St 72,
Ka 74), and due to machine time constraints we have chosen to extensively
study one detector rather than to perform a more limited study of many
different detectors and detector types. The thickness of the Au window
of the detector was checked by an X-ray fluorescence measurcment, which
agreed to within 10% with the thickness of 39,7 ug,/cm2 specified by the
manufacturer. The effective surface dead laver of the detector was
inferred from data obtained by irradiation with a 14.0 MeV 40Ar‘2+ beam
incident at three different angles to the surface: 90°, 45° and 30°.
The shift in the energy centroid with angle was somewhat greater than
expected from the Au window alone. Since in the X-ray fluorescence
measurcment no peaks were observed for elements othe than Au and Si,
we assumed an additional thin Si dead layer (16.3 ug/cmz) beneath the

Au window whose thickness was calculated using standard range-energy
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tables (No 70). Such an additional dead layer may be due to any of
several factors: a thin undepleted surface region, an oxygen impurity
at the surface which acts as an electron acceptor, charge diffusion
against the electric field gradient, or prior usc of the detector with
heavy ions (Ca 70). It should be noted, however, that the measured
FMD of 45 kel for 8.785 MeV alpha particles indicates good bulk
collection properties.

The "search’ and ‘‘data’ detectors were mounted on a rotating
platform and moved successively into the axis of ecach beam. Pulses
from ecach were amplified first by a charge sensitive preamplifier,
then by a double delay line amplifier, and were digitized by a 4096
chamel analogue-to-digital converter, and written on magnetic tape
with the aid of a computer.

The accuracy of the PHD data is limited by the accuracy to which
three different quantities can be measured or calculated: the total
ion energy ET, the "alpha cnergy” Ea’ and the energy loss in the surface
dead layer E,. Experience with measuring the absolute energies of
beams from the 88-Inch cyclotron using a magnetic analysis system (Go 78)
has led to an upper limit on the error of ET of 20.5%. The accuracy
of E_ depends on the measurement of the energy centroids of the two
alpha particle peaks and the extrapolation to higher energies with a
lincar pulser. The error in this extrapolation has been estimated to
be +0.36% of Ea’ The error of E, arises from the uncertainties in the
dead layer thickness and in the range-energy relations (No 70). The

error of K has been estimated as ¢ 2.5% of E, based on the



-140-

reproducibility of the dead layer measurements. The window correction
is comparable to the PHD only for lighter masses, and in all cases makes
only a nepligible contribution to the Pl error. The net uncertainty

in the PHD is less than the size of the data points shown in Fig. a3,

3. Results and Discussion

PHDs have been measured for elements ranging from Ne to Au,
for encrgics from about 5 to 160 MeV. ‘The P} data for one counter
is shown in Fig. 43 in MV units and log-log format., Two important
features should be noticed: the PHD is lincar with E, for each
element, and different elements lie on different lines. The four solid
lines represent lincar least-squarc fits to the Au, Ta, Xc and Kr data.
The good agreement with the data reveals the utility of a simple power-

law fitting function:

pip = 107k )

where a is the slope and b is the v-intercept of a plot of log PHD
versus log E,. The fitted slopes and y-intercepts for these four
clements are given in Table Al. Both the slopes and the intercepts
increase with atomic number (Z) and a typical value for the slope is
0.6.

Since the data for each element cluster on separate lines, it is
desirable to have a procedure for mathcmatically penerating calibration
lines for all elements from lines measured for just a few. This has
been done by fitting the slope and intercept parameters of Eq. (2) to

simple functions of the atomic number (2} and mass number (A). Figure 45
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Fig. 44 PHD of a silicon surface barrler detector vs. deposited energy.
The PHD is defined to exclude the energy loss in the surface window
(see text). Long lines are linear least-square fits to the data with
equal weights: short lines are extrapolations using method described in
the text. Errors are less than the size of the data poiuts, (See
discussion in text),
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TABLE Al. Measured cocfficients for PHD calibration lines,

Isotaope a b
lggm, 0.7060 -0.1030
15§Tu 0.6902 -0.1057
1§2xc 0.6295 -0.1538

8 0.5990 -0.3227

36
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shows linear fits of the slope, a, to the squarc of Z and A for -the

Au, Ta, Xe and Kr data shown in Fig. 44. The fitting functions are:

a(z) = 0.02230 (.“_’ )+ 0:5682 ‘ “(3)
10° :

i " B
a(a) = 0.03486 [ £} + 0.5728 . . )
10

.

Using one of these correlations for the a parameter, a value of
the intercept, b, can be calculated from the measured PHD and the

deposited cnergy (E;) according to the following equation:

b = log i}
E;

VYalues for -b based on Egqs. (3) and (S) and the data of Fig. 44 are

(3)

|

shown in Fig. 46 plotted versus 100/Z and 100/A. Equivalent results can
be obtained using Eq. (4) instead of Eg. (3). With the exception of

the lightest elements (Ne nd Mg) , where the PHD is very small and the
percent error is large, the calculated intercepts are accurately

represented by a straight line. The fitting equations are

b(Z) = -0.1425 (lgﬂ) +0.0825 )
b(A) = -0.2840 (lg-q) +0.0381 . @

i

The slope and the intercept calculated‘fromﬁEqs. (3) or (4) and (6) or

(7) can be used in Eq. (2) to compute the PHD for any element,
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Fig. 45 MNeasured values of the parameter_a (of Eq. (2) of Appendix I1)

for Au, Ta, Xe and Kr, plotted versus Z¢ and A“. Lines are linear
least-square fits to the data with equal weights.
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Fig. 29 R(Z) versus the atomic number of the light fragment. See text.
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As a test of the scheme, the PHD lines werc calculated from
Eq. (2) for the remaining clements in Fig. 44. The slope and intercept
were calculated from Eqs. (3) and (6). The results, shown by the
dashed lines in Fig. 40, provide good agreement with the observed PHD.
This calibration scheme is valid for elements from Ne to Au and energies
from 5 to 160 MeV.

Computed PHDs from Fqs. (3) and (6) have been displayed in
several ways to facilitate their use by other scientists. The range
of applicability of these results will be discussed later. Figure 47
displays calculated PHD versus deposited energy calibration lines for
a range of clements from Ne to U. These lines are useful for a quick
assessment of the PHD to be expected in a partiéular experimental
situation. It is also uscful to plot the PHD versus the alpha cnergy,
since this is an observable quantity. Lquations (1) and (2) can be

combined to write the alpha energy in terms of the total energy as
SR _ 10bpe a-1 )
E = Ej(1 - 10787 (8)

Equations (2) and (8) allow one to uniquely generate the curves in
Fig. 48, which relate the PHD to the alpha energy. With these curves
onc can find the PHD directly from the alpha energy. It is useful to
notice that these curves are quite nearly linear over a large energy
range, and could be parameterized easily.

The effect of atomic mass on the PHD of four Xe isotopes at
130 MeV has been measured; however the data is too limited to v derstand
the systematics of the PHD with atomic mass. The standard deviation

of the PHD for isotopes 128,130,131, and 132 is 0.25 MeV, which is
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procedure described in text. Range of reliability discussed in the text.
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within the estimated error of measurement. Thus the isotopic effect
seems to be smaller than the effect arising from the same fractional
change of Z.

Comparison of our PHD predictions with data from Wilkins, et al.
(Wi 71} in Fig. 49 indicates zenerally good agreement {6-10% of the PHD),
even though the resistivity of their detector is 380 ohm-an (our
detector had a resistivity of 1000 ohm-cm). Their data overlap somewhat
with the low-cnergy range of ours. In Fig. 49, data (adapted from
Tables 2, 3 and 4 of Wi 71) for threc elements (Au, Ag and Qu) are
compared with our PHD calibration lines for the same elements. The Au
line is a fit to our measured data, and the Ag and Cu lines are
calculated with our calibration procedure. In this comparison the
energy loss in the detector surface window has been subtracted from
their tabulated PHD values, in accordance with our definition. This
is evidence that the application of our calculated PHD lines to other
detectors of sinilar type is probably reliable to better than 10% of

the PHD.

4. Comparison with the Kaufman Calibration Procedurc

The PHD of solid state detectors has been previously studied
by Kaufman and his associates (Wi 71, St 72, Ka 74) over an energy
range of 4.5 to 80 MeV. They included the energy loss in the detector
window as part of the PiD, and fit the energy dependence of the PHD
for all elements simultaneously with a 1-parameter formula, This

formula relates the PHD, Ac, to the total energy, €, as
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3 A )

Ae = —
B¥e |, go5e-1.407

Both the PHD and the total energy are in LSS units (Li 63). The
A-parameter has been observed to vary (Ka 74) by up to 7% from one
detector to another (of comparable resistivity, bias voltage, age, etc.)
and must be determined by calibration.

To test the PHD scheme of Ka 74, our data have been plotted in
Fig, 50 in LSS units and with the window losses included in the PHD
(in accordance with the definition of PHD in Wi 71, St 72, and Ka 74.)
In the low LSS range onc sees the clustering of the measured elements,
as observed by Kaufman. In the intermediate and high energy range this
clustering clearly breaks down. This failure of our data to cluster
on a universal curve in LSS space confims recent results by Finch et al,
(Fi 77) vho observed that the PHDs of the light fission fragments fell
below the LSS curve on which all of the heavy fission fragment data
fell. The same data for Kr, Xc and Au are shown in Fig. 51 along with
three curves calculated with Eq. (9) for different values of the A
paramcter. The divergence of the data from the calculated curves is
very apparent in this figure, especially at higher energies. One should
note that because of the bending of the curve below the data,
extrapolation to high energies with this formula will predict PHDs
that are too small. On the other hand, the comparison between the
predictions of our MD calibration scheme and the lower energy data

(Wi 71) indicate that our scheme is useful at lower energies as well,
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5. Surmary

tUse of the cvclotron as a source of monoisotopic heavy ion beams
of known cnergy for PHD determinations of solid state detectors has
heen described.  The PHD of an ORTEC surface barrier detector has been
measured for clements from Kr to Au, from 15 to 160 MeV and for clements
from Ne to Fe between 3 and 30 MelV. The data have been fit with a
simple power law formula. A new procedure for generating PHD
calibration lines for any clement from lines measured for a few
clements has been described.  The accuracy of this procedure is
confimed to +0.5% of the total cnergy, between about 15 and 160 MeV,
This accuracy is within the experimental error. Supporting data
suggest that the range of reliability extends down to 3.5 Mel,
Anplication of the specific calibration lines presented here, to
other detectors with resistivitices between several hundred and
one thousand 2-am is probably accurate to within 10% of the PHD
and may be accurate to within a few percent. For cnergies above
50 Mev, the clustering of the measured PHD values for different
clements produced by use of LSS wmits breaks down. The observed
strong dependence of the PHD on atomic number and energy in LSS space
limits the uscfulness of formulae such as Eq. (9) to estimate PHD
data and indicates that the response of a silicon surface barricer

detector to heavy ions cannot be accounted for by such a model.
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