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ABSTRACT
Heavy—-ion transfer reactions to highly excited states
are studied in a constrained phase-space approach.
Measurements are made of enerqgy spectra for different exit

channels by bombarding 98 MeV “0 ions on targets with macsces

near closed shell nuclei (26%1 and ”7Au) at about the graring

g 9

scattering angle of 70 deqgrees.



The charge identification of the projectile-like
particles is obtained from the specific energy loss
dE/dXF-MZz/E using & combination of a'silicon surface barrier
detector and a proportional wire chamber as AE. There is also
a carbon foil time-pick—-off between the target and the
detector such that the time-of-flight, which is proportional
tov-ﬁ7E;, could be used to separate the masses of isotopes

for a given Z.

These excitation spectra were used to study the
dependence of the energy—-integrated differential
cross—section, which is proprtional to the branching ratico,

and the effective optimal G@-value to the number of steps in
the transfer reaction. The results have been examined in

terms of a phenomenological constrained phase-space approach.

The results of the effective optimal G-value and

energy-integrated differential cross-section show that there

. 15 . . 16, 205
is g structure effect in the N exit channel in the 0+ "T1
206
reaction. The heavy ejectile of this reaction is 82Pb.
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FIGURE CaAaFTIORNS:
Figure 1. A classical picture of heavy ion interactions
showing the trajectories corresponding to distant, arazing,
and close collisions. ¢ W.Norenberg, J.Fhys.Faris
37,C5-141,1976)
Figure 2. Continuum energy spectra of the reaction products

92

of Mo at 97 MeV with single-step direct analysis fits.

Figure 3. The distribution of the excitation energy of the
232 16 12 . . ,

Th¢ 0O, €) ¢transfer reaction and its surprisal as a
function of E* Solid line corresponds to the distribution
whose surprisal is exactly lirear.[2]

Figure 4. The kinematics of a two-body collision.

Figure S. The energy distributions and the surprisal

functions for projectile-like products observed at the
. 0. 16 232 ) R .

grazing angle of 70 in 0+ Th reaction at 105 Me\, Thies

curves show the most probable distributions given one

constraint on the average excitation energy.[X]

Figure 6. Same as above for two constraints on the average
excitation energy and the squared energy transfer.[Z]

Figure 7. Same as above for two constraints on the average
excitation energy and its square root.

Figure 8. Time-of-Flight experimental setup.

Figure 9. A schematic cross section of a combination of the
proportional wire counter and the silicon surface barrier
detector,[81: (a) window frame, (b) front cover plate, (c)

surface barrier detector, (d) microdot—-to-microdot bulkhead



feedthrough, (e) anode wire, (f) window.

205
MD+ Tl arazing

Figure 10, ET versus AE contour plot for the

reaction at 98 MeV and 70 Deq.

Figure 11. Carbon foil channel plate schematic [(91].

Figure 12. Time-of-Flight electronic setup and data interface

configuration.

Fiqure 13. AE versus drift. a) before the correction, b)

after the linear correction

Figure 14. E.r versus AE contour plots for 60 on ‘”F\u and on

205 . . .0

Tl grazing reactions at 98 MeV and 70.

Figure 15. E} vs. ErTz contour plots for the above reacticns.

Figure 16. The energy distributions and surprisal functions

for projectile-like products cobserved at the grazing angle of
o . 6 _ 205 .

70 in 0+ T1 reaction at 98 MeV. The curves show the most

probable distributions given one constraint on the avelr ane

excitation energy.

. 16_ 197
Figure 17. Same as above for 0+  Au sycstem.

. . . 3 205
Figure 18. The effective optimal OG-value for W] on Tl

reaction as a function of A N.

&

?
Figure 19. Same as above for "0 on " Au reaction.

Figure 20. The most probable effective (G-value as a function
of transferred nucleons for several reactions.[10]
Figure 21. The energy—integrated yield, which is proporticnal

to the branching ratio, is plotted as a function of the

number of stepsAN, for "0+”,T1 reaction.

7

Figure 22. Same as above for “D+' Au reaction.




Figure 27. Two-component analysis for

channels for the above reactions.
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LIST OF TAERLES

Table 1 : The information contents of the experimental
distributions relative to the theoretical ones for
)
one—constraint fit (as a function of <E ), the Lagrange
.

parameters, <E >y, the gqground state @-value, the effective
optimal @-value for <E.}, the optimal excitation energy, the
effective optimal O-value for g;w « and 1ts corresponding
Lagrange parameters for the arazing reaction of the “0+”’hu
system at beam energy of 98 MeV and the graring angle of
about70 degrees. .

4_ 205
Table 2 : Same as above for the O+ T1 system.

-
b1
o
)
o
W
(1]

Total energy—-inteqgrated yield and the contribution
of each components are listed for different projectile like

products.
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I— INTRODUCT ION

Thie thesis is a study of structure effects in nucl eon
transfer to the continuum by a light heavy ion preoijectile on
a heavy target nucleus. The analysis of the data 1s in terms
of a constrained phase-space approach. The selected systems
for study by this work are an “C]beam with an enerqgy well
above the Coulomb barrier on .Q?Au and za’Tl targets with
ejectiles observed about the grazing scattering angle. After
few nucleon transfer to the target one can reach 7Z=81 closzed
shell nuclei and see if there is any effect due to thie
nuclear structure. The first section of this thesis is a
discussion of previous related experiments and the relevant
kinematics of such energetic reactions. The second part is a
review of constrained phase—-space and maximal entropy
formalism, nuclear level density and optimal @-value. In the
third secfion, the experimental technique is discussed and in

the fourth section the data analysis from surprisal analveis

is presented.

I1-A. BACKGROUND:

In this section is a discussion of a process which ig

known as heavy-ion transfer reaction. In this kind of



reaction several nucleorns may be transferred between the
projectile and the target. Still the time scale is much
shorter than compound nucleus formation 0*5? —> ﬂ?z sec.).
In general, for a 1light projectile bombarded on a heavy
target, the measured light ejectiles are close in mass and
charge to the original projectile. In other words, the exit
channel retains "memory" of the enrance channel unlike with
compound nucleus formation. The former reaction happens for
impact parameters and at an energy such that the projectile
grazes the target at a distance for outer nuclear wave
functions, or nuclear surfaces, to overlap slightly. Distant
collision, with large impact parameters, lead primarily to
elastic (Rutherford) scattering, tunnelinag, or Coul omb
excitation. Close collisions,with small impact parameters,
lead to deeply inelastic collisiont or compound nucleus
formation. A classical picture of heavy-ion interactions

showing the trajectories corresponding to distant, grazing,

and close collision is shown in figure 1.

Transfer reactions can be understood within the
framework of the distorted wave Born approximation (DWEA).
Udagawa et al [1] have applied a multi-step direct reaction
theory, wusing a DWBA cross-section, to such heavy-ion
transfer. In this way of treating transfer reactions the
cross-sections of the various processes (l-step, J-step,...)

sum up to yield the observed cross-section. In figure 2 the
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/
experimental spectra of the ejectiles from the reaction ¥N+

Mo at 97 MeV, i.e., '3C,|2C, uﬁ, and "B measured at 25 degrees
are shown by the solid curves. The dashed curves indicate the
1-step process calculations which reproduce the peak
positions and width of the energy spectra, but consistently
underestimate the cross—-sections in the region of high

excitation. This is likely due to neglect of higher order

processes.

Often, many features of heavy-ion transfer reactions
appear to be particular to individual reactions; whereas, in
fact, many are general characteristics which depend on the
angular momentum and enerqy of the system rather than the
specific nature of the interacting rnuclei. For example, the
amount of angular momentum and the incident energy abeove the
Coulomb barrier cause the angular distributions and energy
spectra of deep inelastic cellisions to change considerably,
although the reaction mechanism does not necessarily chanqge.

.
Furthermore, the excitation level density of the heavy nuclei
in the continuum region is so dense that the average

population is considered an important factor, independent of

the structure of the individual eigenstate.

A formalism has been devel oped which treats the
population of the states of the system as the most

statistical possible subject to certain physical
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time-dependent constraints.The distribution of final states
are then that of maximum entropy or least information
content. Such a method has been highly successful in

predicting energy spectra of specific ejectiles, as shown in

. 232
figure 3 for the'60+ Th system at 105 Mev incident eneragy.
[2,3].
In this thesis, measurements of excitation enerqgy
. . . . 205 8 . .
spectra for the various ejectiles X in the TI (7 Q,X) and

”au ("O,X) reactions at the grazing angle have been obtained
using a time—-of—-flight spectrometer. These energy

distributions are then compared to those of maximal entropy
subject to one or two constraints. This comparison is made
for reactions of highly asymmetric systems of lighter
projectiles on heavier targets., with target masses near to
close shell (Z=82) nuclei. This is in order to study effects
of structure on the reactions when the mass number of the
heavy ejectile becomes equal or more than closed shell
nuclei. The reason for selecting highly asymmetric systems,
such as "04-',?91.1 or Ié CI+”QI'1 is that for final average
excitation energy of about 18 MeV, the light oxygen-like
ejectile would accordingly only aquire 1 MeV average
excitation energy., if the energy were distributed according
to mass. This is expected because the heavier nucleus has a
much higher level density or many more deqgrees of freedom.
Thus, the light ejectile does not have enough energy (about 8

MeV needed) to evaporate a particle before it is measured, The
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transfer reaction remains a 2-body problem: the heavier
ejectile’s energy, mass, and charge are all determined by the
measured properties of the light ejectiles.

g 9+ 73

The grazing reactions " 0+ Au, and D+2”%1 were selected
for study because of the mass asymmetry and being very close
to the closed shell nucleus xi%h They alse exhibit &
surprisingly large amount of energy damping despite having
only a few partial waves contributinrg to the transfer
cross—section. For 1- or 2-nucleon transfer, up to about
One-half the incident kinetic energy above the barrier is
dissipated into internal energy, while for S- or more nucleon
transfer, almost all is dissipated. The effect of the
transferred energy can be iscolated from that of transferred
angular momentum. Only a relatively modest amount of angular
momentum is transferred, which imparts a small rotational

energy to the heavy nucleus compared to the initial

excitation energy.

The bombarding energy (98 MeV) chosen for the
measurements is such that the projectile can graze the target
at the forward angle. 1If the energy is very near to the
Coulomb barrier, the "grazing" orbit would have a sharp
turning point and brief interaction time. Thiswould not allow
many nucleon transfer. On the contrary, if we have a very

high energy beam, then the grazing angle would be very far
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forward, where the transferred greoups would be cotaminated by
a large tail from the elastic pealk. Furthermore, more deeply
penetrating fully damped collisions would deminate. The
energies are chosen to obtain a grazing angle of 7tf in arder

to maximize the few-nucleon grazing process.

The measured energy distrbutions are compared with those
of maximal entropy. To identify the dominant constraint it ie
useful to compare the measured distribution with the
statistical or uniform distribution as a function of a
relevant physical variable. The logarithmic ratio of the
experimental to statistical distribution, the surprical
function, as a function of enerqgy gives the deviation of
final state probability from the statistical one [Z]. As will
be shown later, observation of a linear surprisal indicates
that the enerqgy variable is then the one that is constrained.
This description of the data is referred to as surprisal
analysis [4]. In general, with more than one constraint, one
expects that the distribution of states of the system will
evolve in time such that it will be of maximal entropy. but
consistent with the time-dependent cdnstraints imposed L{ the
dynamics of the reaction. In other words, the observed
distribution is the one which is least biased, or contains
the least information content, and yet still satisfies the
constraints. The internal states of the heavy nucleus are

dense enough, so that the Fermi gas model has been used ta



approximate the nuclear level density, or phase-space.
Constraints are physically meaningful as suggested by the
observed dependence of the surprisal on the excitation
energy. This i1ndicates the utility of the maximal entropy
approach in order to understand the reaction mechanism.
Within this framework one can then see if significant
deviations from the average behavior occur which might be due

to nuclear structure.

I-B. SCATTERING OF HEAVY-IONS AS SEMICLASSICAL ORJECTS:

The kinematic calculation for heavy—-ion collisions can
be treated in terms of a classical trajectory by using enerqgv
and momentum conservation in addition to conservation of

nucleon number:

(I-1) A+ A= AL+ A,

where A , A:, A?’ and A, are nucleon numbers for projectile,
target, light ejectile, and heavy ejectile, respectively. The
reaction G@O-value is defined as the difference of the final

and initial kinetic energies:
(I-2) Q=F? -E‘=E’ +E’ —E' »

where for elastic collisions 0=0, for exoergic reactions,

where energy 1is released, 0@, and for endoergic reaction,



tJ
)

where kinetic energy is absorbed., 0<@. For transfer reactions
the O-value is generally negative, since the incident kinetic
energy is converted into internal excitation, or heat. by
frictional forces during the time of contact. So, the @-value

can be expressed as
4
(I-3) e =0-E,
where 0% is the difference of the initial and final mascses,
_ ™M - X
(I-4) 0.- (M. +l‘1' "s M’_)c

3
and E is the internal excitation eneray in the final state.
A schematic diagram of a two-body collision is given in

figure 4. 1Initial particles 1 and 2 have velocities v and @

in the lab system, while final particles 3 and 4 Frave
velocities v and (A in the lab system and v"' ,v,’ with
respect to the . center-of-mass system. v is the

center—-of-mass velocity, € is the scattering angle of light
particle 3,and V is the scattering angle (in lab system) for
heavy particle 4.

To calculate the @P-value we use enerqgy and momentum

conservation, where
+(M +M )2 =(M_+M ) +E_+E
M+ s ™ Ey *Ey
- -F’g +-P~-
(1-5) 1 F; 2

E?, ?P,'F’ are the corresponding momenta for particles 1,3%,4

37 9
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and also we have
a
(I-6) F=2meE.

By using equations I-2, I-S5; I-6 one gets

(I-7) 0e P: + pHe =208 BCos O Pnz
2/, 2J“9 2ZM,
or ‘/
2
(1-8) Q=E,(l+%1,)—5.(\—%)—2(M'/;\AE_E;E' ) Cos# )
where 0=0 for elastic scattering and M.=M3 {Mz =M,. Then,
equation (I-8) becomes
/2 E
(1-9) -Ef-- M.-&M [C0$9'+{( )._.SLAO} ] » _Z.;l <1 »
Kinematic calculations can be e:precssed in terme of the

center-of-mass frame too ([(8]. In the center of mass system
the two ions move with initial velocities %' and %;
- ’ /‘_
(I-10) WA /A AR N =R /(A +h )y
and the kinetic energy and relative momentum are
%er « oM (q v'+A )=0.uuv
(I-11) P =M (A. v.'-c-q Y")=uv

(] s

where M is the nucleon mass and u denotes the reduced mass

which is given by




me

u=M A Az/(A.+e¢).

Using (I-11) one can write a relationship between the
energy of the inciident particle in the center—of-mass (C.M.)

and laboratory systems:

2
— - -—
E: =1/2 uy —(M’_/(M1 +ﬂz ))E.

and the final energy in the C.M. system can be written as

2
(I-12) EE‘=1 /2 L}\;ﬁE&

+0,

~

The above approximation results because the final C.M. system
is not the same as the initial C.M. frame due to mass
transfer. However, the error is small for A'{<Qr

The emission angle of the light fragment with respect to
the incident beam direction, € (in the lab system) and €/ (in
the C.M. system), is given by

Tono = V, Sine’___ ___Siné
V,coso+Y,, Cosé'+Vg

(I-13)

where %.n:V{: A, \4

A."’ Az
Ve.m
(I-14) g:———- U
Vs

In the special case of elastic scattering (or, more
generally, in collisions with negligible mass and energy
transfer), the magnitude of the C.M. velocity is not changed,
and hence we obtain from equations (I-10), (I-14), and

(1-13), v;ss_‘.’.ﬁ'—‘-“-:——n-‘— .

Vs Az



kJ
o

In the general case of a two—-body reaction with product

mass numbers A? and Ay. the quantity is given by [5]

)
\ry==*_ A.A; . Eém\
d (A,,A‘ £, +e )

where @ is the @-value in equation I-8.

In general, for transfer to happen we need to overcome
the Coulomb barrier. Very often, this barrier is a large
fraction of the incident energy. After the reaction, when the
particle is ejected from the di-nuclear system, the energy is
retrieved and the Coulomb energy is converted back into
kinetic energy of the ejectile. If protons are transfervred,
then the energy retrieved will be different than the enerqgy
for overcoming the barrier. This enerqgy difference is already

accounted for in the @-value, such that
(I-16) 8] = O+ &V
erF 2

where AV, is the difference between the initial and the final
Coulomb energies. The q“’ is interpreted to be the

transferred energy due to the reaction where the Coulomb
difference has been subtracted out. The Coulomb energy for

the initial and final channels and the difference can be

‘written as

| 2
(1-17) \4“._—_&2& ,\é-.—_Zf-b—e— J AVC-.:%‘.—VCF P

F Rs+ Ry



where Ri is the nuclear radius

R.= 1.4 ﬁv,f
L.— - "' Ma
One useful empirical relatienship is that between

average enerqy transfer and number of transferred nucleons
DN. Specifically, it has been noted by Mikumo et al [&], that

the relationship is linear,

(I-18) CHN LY S AN "’é,-;—

and AN is restricted to AN 4 or 5. This has been developed

by Y. Alhassid et al. [#], who have shown that approsimatelw

@5 = [(cols)erp(-xsing)-i] £,

2
(I-19) cosf =(1-m/A; -n/A) (1-m/A_-n/A ).
' 2 3 4

Here, m is the number of nucleons transferred from projectile
to target, n is the number of nucleons transferred from
target to projectile, t( is a fit parameter. kKnowing {G%ﬂ=r

one can then determine the average excitation energy of the

system
(1-20) <E® 3=, +ay, ~<0, . .
- ¢ " Yerr

This <E*> will be shown to be the dominant constraint of the

reaction (figure 3).



IT— SURFRISAL AaANALYSIS-:=

Consider the measurable states of the system to be
divided into groups with index i. Denote the probability of
occupying the f""’ group as F; « which is proportional to the
fraction of final states that belong to that group of states.
Let P be the observed distribution of those groups of

states. Then, the entropy of the probability distribution i«

S=—-£!—;: In B,
(

where the sum is over the number of aroups. For a svstem with

)b(x) as the density of states we have

/,o(x)d}:=N,

where N is the number of possible final states. We can write
0
POI=_@a0i) /N

as the "prior" probability dencity {assuming each state is
equally likely to be occupied) for the system to be in &

state described by .

This distribution with entropy 5 is the one for which
the available phase-space would be uniformly populated in the

absence of constraints. The information content is defined as

[
S=S,—S=.£F.! In (R /E°).

{



Maximizing the entropy 8 is equivalent to minimizing the
information content, which determines the distribution of

maximal entropy to be

P”E=P° exp[—); -gA‘-Rr((‘) l .
Ya!

The ocbservable quantities A# determine the n constrainte,
<A5>= ;{ ? Ar(i). Hence, if the quantity Eknown as the
surprisal —-1ln(F /P‘) has a linear functional dependence with
respect to a kinematic variable, that variable is the
constraint of the distribution.

The "prior" distribution or available phase—-space, with
which the experimental distribution is compered, is given by

a product of the internal nuclear level density‘ejE‘) and the

translational level density P(Eg)
L= ple)=LE)-LE) ,

where E’ is the internal or excitation energy and %, is the
translational or kinetic energy. Due to the high degeneracy
of nuclear states for thallium-like nuclei at excitation
energies more than 1 MeV, the nucleus can be treated asz a
fully degenerate gas of independent fermions moving in &n
average potential. The average initial level density is the
number of ways the excitation energy can be distributed among
the single—-particle levels. For the case of equal number of

protons and neutrons in & Fermi gas, we have



#(E‘) (v 4 G‘exp[l’(au)v‘l
where,
&
u=E -E”T —q! :
with

2
E = JI+1vh /21 .
Rov RV

E =128 A"

1 odd-even

and ‘ [0 odd-odd
2 even—even £?y .

and a=nuclear level density parameter., which is proportional
to the mass A. Empirically. this proportionality constant is

found (10} to be 1/8.

1I-A. ONE CONSTRAINT ANALYSIS:

Consider the average energy, or centroid of the energy

distribution, as the constraint. The maximal entropy
. . R ME ¢ . .

distribution p  (E) is constrained to

have the same average as the experimental distribution,
ME 2
PEA d &/dnde”

or



AE » "
P (E )=%(u)e>:p(~&—)‘,E),

. . *

where u is function of Efml’ ERor . and E .

The lagrange parameter.A., for a distribution subject to

L
one constraint, depends on the most probable enerqgy EMP in
the following manner [2]
- -«
S“a/u—Z/u =Y a/(E -E —% Y =2/ - -
’\l npnpvr w T (E;f Ea.rli’m.)‘
Because the leading part is E:', one can estimate the value
™m
of,&ias
A= a/E. .
] np

The value of ,Alis affected by the energy offset between Ump
-
and E'.'_ salthough the quantitative nature of the fit is
*
dominated by the much larger value of the most probable E

Figure S shows distributions subject to one constraint [Z].

II-B. TWO CONSTRAINT ANALYSIS:

As is clear from figure S5, the one constraint fit
consistently underestimates the widths for few-nucleon
transfer and overestimateg the width for many—-nucl eon
transfer. The width of the distribution for many nucleon
transfer can be accounted for by constraining the variance,

Cﬂ Since
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(11-9) &= & pEH E ST,

a constraint on the variance is equivalent to adding a
2

second constraint on the average value of E in additicon to

the first constraint on the average value of E [31. Then, the

distribution of maximal entropy is
ME 2
FEM=R W e>:p<-,\’-A|E'~)&E‘>

Figure & shows the resulting fits from J. Karp et al.[31. for

0

\
,Be, Be, and ‘B, for the cases of 7-. 66—, and S—-nucleon

transfer, respectively.

It has been also argued [4] that there could be a
different constraint acting on the system. particularly for
smallA N, where the width of the exciton distribution., rather
than the width of the enerqgy distribution, acts as the second
constraint. The variance of the exciton distribution about
the mean is found to be approximately (aE’)Vh Therefore,
ﬂE‘h? determines the average variance of the exciton
distribution.

So, the distribution of maximal entropy becomes

ME « ]
P(E =R (uexp(-A - AE - AE ,

where <E'> and <E®¥  are the first and the second
constraints. This procedure is illustrated in figure 7. Here,

because the prior distribution depends exponentially on the
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square root of E’, the above form of the distribution can te
rewritten in the form of a one—constraint distribution [ ¥ 1.

1¢ we define a®=(a® M2 then

A e )v‘
A 4

v
Ao oot
r X .\'

or (2% %11 e sFumm?
L3 4 ™p
Therefore, the second constraint can be related to the

relative value of the average excitation energy and the width

of the distribution.



IITT— EXFERIMENTAL MNMETHOD

The data for this thesis were taken by using the Tandem
Van de Graaff Facility of the Brookhaven National Laboratory
(BNL). An experimental setup was placed in the target room
consisting of a time—of—-flight arm mounted on an angul ar
correlation table and connected to a sliding seal target
chamber (figure 8). Both the charge and mass of the reaction
products were measured by using a 28 MeV “b beam on n?ﬁu and
2”Tl targets at about the grazing angle (GL":?O").

To determine the charge of the heavy—-ion ejectiles, a
counter telescope consisting of a proporticonal wire AF and
splid state (silicon) E section was used, in a& configuration
proposed by Markham et al. [8]. A cross—-sectional view is
shown in figure 9. The AE signal is obtained from the
propurtional wire located within a volume of gas contained
inside a conducting walled box which 1is held at ground
potential. The E signal is obtained from a Si surface barrier
detector which forms the back wall of the box. The electrons
freed from gas atoms by the passage of a charged particle
drift toward a 20 um diameter nichrome metal wire to which is
applied & high voltage of +560 volts. When the electrons are

far from the wire they drift at nearly constant speed, about

S cm/usec, whereas when they reach a distance of a tew







FIGURE 9




diameters from the wire the intense electric field in that
region accelerates them to high enough velocities so that
they can ionize other gas atoms, producing a larqe
multiplication of the original charge produced by the
ionizing nucleus. The wire used has a low resistivity.

The charge resolution of the detector was sufficient to
resolve nuclei of Z\(B. The principle of the charge
determination can be seen from the Bethe—-Bleoch formula for
the stopping of a charged particle with velocity much greater
than electron velocities

JE -—-‘HZZZ 7[/}1——-&- ln(t-ﬂi)-ﬂz] )

M¢
where the term in brackets varies slowly with energy. Z is
the 'particle’s atomic number, N is the numher of atoms/co® )
Z’ is the atomic number of the stopping material,./f3=v/c, and
I is roughly the ionization potential of the stopping medium,
which cannot be calculated exactly and i=s usually taken as a
constant to be determined empirically for the stopping medium
in question. It can be seen that ET—AE is proportional to mz2

of the stopping ion, where Ey is the total ehergy of the ion.

Thus, on a plot of E_ vs. AE different isotopes will be on

r
hyperboli of constant MZ‘. The mass dependence is much weaker
than the Z dependence for heavy-ions of 234, and thus such a
map is useful principally for determining the Z of a nucleus

in this experiment. It should be noted that the gas used in

the counter was 99% pure isobutane at a pressure of 74 torr.
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The gas was contained by a 1.2 um thick pelypropylene window
which has been supported by a ©.0002" thick nickel mesh.

An example of such an %;AE plot taken with the counter
used is shown in figure 10. The total energy resolution was a
little more than 17 (about 1.2%), for the summed Er signal
(determined by the solid state detector). The energy
calibration was obtained by measuring elastic scattering at
energies of SO and 98 MeV. The mass of the ejectile HAS
determined from its +flight time as M-Ek?. "o get a good
timing resolution, timing pulses were obtained from the
silicon detector and from a channel plate detecting electrons
emitted by a thin 20 ugm/cnﬁ carbon foil channel plate
(figure 11). This arrangement was designed and made-by BMNL
[81. The carbon foil was mounted 143 cm from the solid state
detector as shown in figure 8. The timing resclution nueEing

this technique was better than 400 psec. Using the relation,

M=2EtS /1*

the mass resolution is given by
amM/M “%5)1 + (1t.‘-’3>" "

We need to have 8M/M< 3% in order to separate the ejectiles.
Given the AE/E=&1.2%, the value for the TOF resolution should
be At/tg 1.4 7. In our experiment this value for elastic
oxygen with a TOF=44 nsec., was better than 1%. The solid

state detector, of 450 mm?area, in the counter telescope, was
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located about two meters from the target and subtended a
solid angle of 0.11 msr. The carbon foil had an area of 314
mmz, so that the solid angle subtended by the foil was 0.8
msr. Thus the collection solid angle was determined by the
solid state detector . The integrated beam current was
measured by a Faraday cup in the chamber and scaled by &
digital current integrator. A SO m area and J00 um
thickness 8i detector was mounted on the back wall of the
chamber at q::;27 degrees to moni tor the Rutherford
scattering peak at that angle (at forward angles, i.e. 27 ,
the elastic peaks are Rutherford scattering). So, one can

monitor any change in the beam current and energy,frequently.

The electronic setup is shown in figure 12. Timing
signals from the solid state detector were cbtained from a
fast timing output preamplifier (Canberra 2003E). Both timing
signals were sent from the target area to the electronics
setup in the control room using fast cable (RG-8) to minimize
attenuation. To amplify the timing pulses From the SSE
detector and preserve their rise time a timing filter
amplifier (Ortec 454) was used with a time constant of 5
nsec. A constant fraction discriminator (QCFD) (Canbera 1428)
was used to determine precisely the occurence of the event,
independent of the amplitude of the timing signal. Similarly,

the ¢timing signal from the carbon foil was processed by the

QCFD. The discriminator pulses were delayed 166 nsec so that
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they could be used as stop pulses for a Time-Teo-Amplitude
convertor (TAC) (Canberra 1443A). The start pulses., from the
solid state detector, have a lower count rate. The output
pulses of the TAC are directly proportional to the time
interval between the start and stop. The range on the TAC was

set to be 100nsec.

The wire signal was fed to a proportional Wi e
preamplifier (Canberra 2006). After amplifying and stretching
the energy signals from the SSH. detector and wire, they were
connected to a dual sum and invertor to obtain the total
energy. The wire pulses were not only used to obtain the
energy loss (AE) in the gas, but alsc used as a stop signal
for a TAC. This used signals from the SSE E-detector as @
start signales in order to measure the drift time of the

released electrons to the wire.This information could be used

later on to do correction on AE spectra, due to
recombination.
Information on AE, TOF, Ey, and drift time were

event mode recorded on tape for off line data analysis.
Another electronic collection line was set such that one can
get the AE signal attenuation as a function of drift time of
the freed electrons in the gas. To be able to observe the
mass spectfa on-line, instead of Eq vs. t, which yields
hyperbolic mass lines, & 128X128 spectrum was made of E?’ VE .

E'St-t,)z/l( which displays straight mass lines for easier



separation. tg and K are appropriate constants which are
chosen such that one gets straight lines. Other event lines
on the data collection interface were used for dE versus ETas
a 2-D 256X128 spectrum, and Ef’ TAC, DRIFT, and MONITOR as
1~-dimensional 1024 channel spectra. Finally the total
integrated beam current was also recorded for normalization

of the cross-section.
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IV— DATA ANALYSIS anND RESUL TS

The %0 au and %0+ 71 reactions at 98 Mev and =70
degrees were studied to measgre the spectrum of excitation
energies, the effective optimal @-values, and differential
cross—section for each projectile.

As was mentioned in the previous chapter a combination
of a proportional wire counter AE and a silicon surface
barrier (SSB) detector E were used for charge (Z)
identification. The mass and enerqy were obtained from the
time-of-flight using signals from the chanael plate and the
SSB detector. During the experiment it was found that
recombination in the proportional counter caucsed a lerras
signal attenuation degrading the energy resclution ot the
energy loss, dE, signals. This effect is illustrated in
figure 13, which shows the energy loss ves. the drift time.
For a more energetic oxygen beam, for different values of the
drift time one should have the same value for the energy loss
AE. But as figure 13(a) shows, AE vs. the drift Ctime has &
slope of about 0.6 (30.) which causes the energy resclution
of AE to be worse than 10%. By measuring the drift time of
each particle, one can correct the energy loss signal,
improving the energy resolution to 6.6%. It is expected that
the AE vs. the drift time is exponential, but in this

experiment an almost linear dependence was observed. =T @
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linear correction has been made to the AE spectra. Figure
13(b) shows the result of such correction for energy loss ve.

the drift time.

Caliby ations which were made at the end of thes
experiment in two <steps. In the first step, the time
information of the time-of-flight, from the TAC, Was
calibrated. This calibration was done by using pulses from a
precision pulse generator which simulates a real signal tc
the electronic setup of the TOF. Three different delavs were
applied to the start input of the TAC, 8, 16, and 24 uesec, to

accomplish this timing calibration. The second =step WAS to
obtain enrgy signals of the S58E alone. This was done by using

an oxygen beam of 98 MeV energy on the 2“&1 t

arget at Qtabr-r'l’f..)

degrees. The total energy is the sum of the 88F and the wire

signals. A correction has been made to the energy loss in AE

so that the E signal (like the SSEH one) is proportional to

the projectile energy. Having the energy loss corrected:. one

can use the second step of the calibration and the total
205,

enerqy spectrum of the"0+ Tl system to calibrate the energy

loss signals, where

= + E -
E%bnu Eg‘B WA

One should find Y such that the elastic peak of the ”b beam
i i ith it it ' » total
in the ﬁvnsfctzon agrees wit its position in the tota

energy spectrum (Eo-). The total energy itself was later on



calibrated by the use of timing signals to calculate the

energy of each particle. For this purpese different isotopes
were separated in two steps. In the first csten
projectile-like particles with the same charge {(Z) wer e

cseparated by use of the AE—ETtechnique. Figure 14 shows the
energy loss vs. the energy for the Mb induced reactions. Then
by sorting the data with gates set on a specific charge
region, the nuclei of different masses but same 2 are
separated. Figure 1% shows two typical E;gfz spectra for the
above reactions. Using the elastic peak and its flight time,
one can calibrate the mass spectra for the preceeding
reactions. From the kinematics of the reaction (as calculated
by the code KIN), the energy corresponding tc the elastic
peak is calculated. The TOF is calibrated by weing thoes
calculated energy of the elastic peak and the E-_-'[sz-z
known flight length (143 €m). These calculated energy
and ‘velocity are then used to identify the mases that
corresponds to the elastic events on the energy spectrum. The
representative channel number for these elastic evente is
then used as a reference in identifying the masses of the
other exit channels. The identified masses énd the measured
TOF’s are used to calibrate the energy spectra of the other

channels.

The spectral distribution in the excitation energy WEE

computed for each projectile-like particle, Ffrom the
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kinematic energy spectra, using equations 111-%, 111-4, and
I1I1I-8, where the mass for each isotope was taken from the
tables of mass. This conversion from kinetic enerqy to
excitation energy has been done such that the energy scalecs
as one Mev per channel. Figures 16 and 17 show the excitation
energy spectra for the different ei:it channels of the arazing

o5 9”7 .

. 7 t 4
reactions for the ‘0+ Tl and the‘“0+' Au systems. fAe ie

shown 1in the figures, for higher excitation energv the

spectra tend to drop exponentially indicating that higher
excitation states are wealkly popul ated. The optimal
excitation energy and spectral shapes:are dependent on the

number of steps. i.e, the number of nucleons transferred in
both directions between the projectile-like nucleus and the
target-like one. The available energy at the Coulemb barrier
in the exit channel is related to the ground state (-value
G%, and the excitation energy E'. The optimal effective

@-value q:: is given by
F 0 %
cf:f Oy ~Ef. + 8% ,

where %;, is the optimal value for the eincitation energy and
ig the peak of the experimental distribution. Tables 1 and 2
include the ground state O-value, E;; s and the effective
optimal @-value for the different reactions. Figures 18 and
19 éhow the measured optimal, effective O-value for the two
oxygen induced reactions. Each symbol represents the isotopes

of a given charge.
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The optimal enerqy loss as a function of nucieon
transfer for the reactions (figures 18 and 19) has the sane
general behavior as the data reported by Mikumc et al L1013
(shown in figure 20). However, we see that the dependence of
Q::: with AN here is clearly not linear, As in . A
non—-linear dependence of D: with AN was also observed {for
thEv“0+z!%h system [ 3 J. From a close look at figures 18 and
19 for both reactions and also the results of the reacticons
live 0% (31, it is clear that there is a noticable

s 16_ 205

incease in the Q::: for "N in the 0O+ Tl reaction, in which

the heavy ejectile would be :;?%3. This effect also appeared
in figures 21.and 22. In these figqures energv-integrated
vields, which are proportional to the branching ratico {on
each exit channel, are plotted vs. the number of steps AN
These yields seem to have an exponential dependence on AN.

In Karp et al. [Z] it was found that the bramching ratic

P(n) had a dependence on the number of steps AN given by
P(n)=expl- (AN+2£)1,

where £ is an integer describing which "line" a particul ar
exit channel (projectile like particle) belongs to. Each line

corresponds to a different number of proton pickups.

In a more clear way of illustrating this change on ‘sN

of the reaction "CH-’”TL, we can compare the yietd £ oo "N t.o
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another exit channel like nb for both reactions ofl‘D ori mpﬁu
and 2"5T1. We see that the position of these two exit chamnnels=
are completly changed relative tco each other, or yieldlﬁ, for

one nucleon transferred acivided by yieldhﬁ> for one nucleon

transferred for m”Tl is about 1.29 whereas for the nold
target it is 0.87. In other words, the position m{l5N
relative to that of”ﬂ in other reactions like MD+F’%h £51
and “D+w§kn are 1little bii lower than 'ﬂh whereas for

: 205 . :
reaction “D+ Tl it ie now at & higher cross-section than the
cross section for the "b exvit channel. A guestion might come

6 14 i : [ T
about N, why N is nept acting the same as N in the

20
"0+- %1 reaction but, we should realize that the channel cof

5 . . .
N (one nucleon transfer) is a very simple casze of a trancter

205

) / T
reaction. On the contrary., the svstem ‘D+ Tt with the errx

]

channel of ‘N {bi~directicnal two nucleon transfer) i @
eF

rather complicated case for the above model for G;'r.

One might think that this effect on the effect:ve
optimal G-value is due to the ground state Q-value
calculation by using the table of masses. If we were to use
liquid droplet mass formula (LDMF) we can avoid the effect of
the extra stability of the ground state configuration, which
would not affect the nucleus at higher excitation. But the
calculation of the By by using this technique did not recover

. @ ' , . 2% .
the change in Qm for the ™ channel in the O+ 1 reaction.
% !
It changes the relative position of the N to the ?('I)channcv?].,I
CFx 19

and makes the value of q» for ‘N to be very much smaller
r



I?

than '0. I.e., the ground state @-value was —-&.2 MeV where b
using the LDMF it becomes +4.5 MeV. So, this simple model e

no longer applicable.

A surprisal analyesis has been made on the evcitation
energy spectra for all projectile-like particles in the exit
channels. The surprisal function for each channel is shown in
figures 16 and 17. From the average excitation energy or the
centroid <E‘} of the distributions, the lagrangian parameters
(Al’)o) are calculated. For this calculatien the following
relationeship has been used

ME

<«
: ., _ w1 *
F (ET)=B (E dexp(- A, A'E )

where
W
S FUENE e,
&

together with the normalization condition

MmF &
2 (E )= 1.
s
A computer program has been used to find ), and )| for

each excitation energy spectrum (ENTRFY1). For the input of
thies program another program, PROGI s has been uvsed to
calculate the prior distribution. As described in chapter 11,
the Fermi gas level density has been used with the excitation

enerqgy corrected for rotational and pairing energies, where
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2
g'(g'ﬂ)h 12 To

E
RoT

-l
E =128 A%

where 6;0 for odd-odd, &=1 for odd-even, é=2 for even—-even.
In the above calculation for "D on ""Au and 205.“ the pairing
energy correction has been relatively small compared to thes
average excitation energy.

Tables 1 and 2 show the values of the average evwcitation
energies and cf the parameters A «the entropy deficiency or
information contents (S=€f ﬁ. ln(ﬁ,/ﬁf)). The most pirobable
distributiong with one constraint are indicated by ectid

curves on figure 23%. The figure shows a large systemat:ic

!
deviation in the surprisal plots of the *J," s and ‘5N for
/ I
the reactions ‘0+ ”7(-\-.! and ‘D+2”Tl in the region of hiahk
excitation energy, indicated by the arrows. So, a second

alternative for the above reactions is considered, where each
of the reactions are considered to have two components. Each
of these components has a different number of steps taken for

15

the reaction. For example., for the case of the (figure

23), the slope of the high excitation part of the spectrum is
nearly the same as the 3-nucleon transfer to "C. This
suggests [3]1 that there are two components to the eneray
spectrum. These are a 1-nucleon transfer part, peaked at low
excitation energy, and a F-nucleon transfer part, peaked at a

high excitation energy, in which 2-nucleons transfer from the

projectile to the target and l-nucleon transfers in t e
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reverse direction.

second component (figure 23}
) . 18

Likewicse, for the (1]

component and a 4-nucleon transfer component.

the cross—-section for the second component is

total. These values of

total

¢

the second component for 0O,

reactions.

By this method we may explain almost

reaction channels from "0 on
and Qag=70 degrees 1in terms
distributions. Therefore, the

these reactions depend only on
the distributions are peaked

transferred nucleons.

A ]

cf the

channesl, we have a

cross—section

cross—section are given in table =

The fraction of the cross—-csection of the

total is about Q.

2-racleon tranmsfer

The fracticn of

S

of the

contribution to the

-y
et

Figure showe

]

o,

N exit channelcs +or above

all of the

203 197 e ,
Tl and Au, wltru[ilswfd Me\
of only one constraint

chapes ot the distributions oo
the average eneirgy about which

and the numbher of the
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V— SUMMARY AND CONCLUSIONS

Energy spectra from different projectile-like particles
have been measured and excitation enerqy epectra
corresponding to each tarqet-like fragment have been
calculated. Then, surprisal analysis has been applied on the
Uo+ﬂ7

. 2
reactions “04- .’Tl and Au at beam energy of 98 MeV ard

near the grazing angle of 70 degrees.

A surprisal analysis with one constraint showed that for
certain exit channels one sees the contributions of the
different processes to the cross-section. For example, in the

"
reaction M au®0."®N). it is probable to have a transfer of 1-

and 3-nucleons.Also, for the exit channel of’QLthere are two
or more possible processes for which the most probsble one is
2-nucleon transfer, followed by 4-nucleon transfer. The

lSN

1+
behavior was alsoc seen by Karp et al. [3] in the 0O and
282 (7
exit channels, for the Th¢ O,X) reaction. Almost all of
the energy spectra can be explained in terms of distributiones

of maximal entropy subject to one constraint.

@FF
Al so, effective optimal O-value (%pr and
energy-integrated yields were obtained versus the number of
ers

nucleons transferred. A noticable behavior in Q and

oPT
energy-integrated vyields for the '5N exit channel of the



“J
k2

“D+mﬁTl reactions has been observed which could be due to the
Z=82 closed shell structure of the heavy ejectile zqﬁb in
this reaction.This behavior was not cbhserved for"N channel .,
which might be due to the complex Z2Z-nucleon bi—-directional
5

transfer compared tco the 1-nucleon transfer of the I+l

channel.

The validity of the above conclusions is confined to the
data cbtained from the two oxygen induced reactions. It would
be useful teo extend the measurements with the aqold taraget,
so that data with good enough statistics in the multi-nucleon
transfer might be collected. Thise may allow the cbservence of
the Z=5,6 projectile-like isotopes. These distributions, in

turn, may alsc show shell effect=. Likewise, extensiocn of the

measurements, with the 2‘,5T1 target, could result in
obkservation of other nitregen channels. Such a measurement
could lead to a cefinite conclusion about the observations

reported in the present work.



