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Reactions ' ' 0+ Al and ' F+ Al are studied at about 5 MeV/nucleon. ' 0+ Al re-

actions are studied also at lower energies. General features of energy spectra, the most

probable Q values, which show a large energy dissipation, and, in particular, angular distri-

butions of projectilelike products are found to be very similar to those of deep inelastic col-

lisions of heavier systems at much higher energies. All the angular distributions in Q-value

intervals of 5 MeV, d cr/d QdQ, exhibit forward-peaking features and are well fitted by a

form A exp( —p8)/sin8. Systematics of the variation of p vs
~ Q

~

and the number of
transferred nucleons, n, are discussed. A picture of the rotating dinucleus model is con-

sistent with the present observations. Cross sections of isotope production ha've a simple re-

lation with Q~ including a nonpairing effect of the residual targetlike nucleus.

NUCLEAR REACTIONS Al(' O~ E =88,70, 60 MeV Al(' Og),
E =86.4 MeV, 27A1('sOg), E=88 MeV, ~7A1('9Fg), E=95 MeV,
Z =isotopes of elements from Z =2 to Z (projectile), measured energy

spectra, o, o(8), and o(8,Q).

I. INTRODUCTION

Deep inelastic collisions (DIC) in nuclear reac-
tions were first reported to occur between heavy pro-
jectiles (A )40) and heavy targets (A &200) at high
energies. ' (Hereafter we refer to the reactions as be-
ing in the H Hsystem). -The DIC were also found
between the projectile of a light-heavy ion (A &20)
and a heavy target (the L Hsystem), -say, ' 0

Pb at 140 and 310 MeV, and between a light-
heavy projectile and a light-heavy target (A &60)
(the L-L system}, say, ' 0+ Al at 90 and 100
MeV.3'

The common properties and often the definition
of DIC among these three systems are the following:
The mean c.m. kinetic energy of emitted particles,
Ef in the reaction A(a, b)I3, is much smaller than
the incident c.m. energy E;, which is much higher
than the Coulomb barrier in the incident channel,

V,'.
The inelasticity of the reaction is classified ac-

cording to the modified Sommerfeld parameter,

rl'=Z, ZAe /Rv',

with

u'= [2(E;—V,')/p;]'

where Z, and Zq are the atomic numbers of projec-
tile and target, and p; is the reduced mass in the in-
cident channel. In the L-L system, say, for the

'sO+27A1 reaction, at incident laboratory energy of
90—100 MeV, ' g'& 10, which is much lower than
in the H-H and L-H systems at much higher ener-

gies, e.g., ri'=179 for Ar+ Th at 388 MeV, ' and
g'=27 for ' 0+ Pb at 305 MeV. According to
this classification based on the values of ri', small ri'

suggests a large degree of inelasticity, and hence the
occurrence of DIC in the L-L system even at rela-

tively low incident energies.
In the reactions ' 0+ Al at 88 MeV, Mikumo

et aI. showed that the reaction mechanism evolves

from a quasielastic collision (QEC), if any, via DIC
to a complete fusion (CF) with an increase in the
number of transferred nucleons, n, and in the abso-
lute value of reaction Q values

~ Q ~
(Q &&0 in gen-

eral). The angular distributions of reaction products
as a function of Q value are expressed in the form

d o Id 0dQ =A exp( —p, 8)Isin8

throughout a wide angular range, where p again re-
flects the degree of inelasticity for all reactions.

On the other hand, in ' 0+ Al reactions, energy
spectra of all emitted particles, except for n =0 and
1, are of the form of a single bump instead of the
double bumps observed in the H-8 and L-H sys-
tems.

In order to elucidate the characteristic features of
DIC in the L-L system and to compare with those
in the H-H and L-8 systems, we extended the study
to the reactions i6—isO+ Al and i9F+27A1 at
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around 90—100 MeV. Supplementary measure-
ments were also made for ' 0+ Al at 70 and 60
MeV and for ' 0+ Ti at 80 MeV. The study of
angular correlation between a heavy ejectile b and al-

pha particles of the three-body reactions

a +A —+b +u+B
is reported in the following paper by Sasagase et al.

II. EXPERIMENTAL ARRANGEMENT

The experiments were performed at the Tandem
Accelerator Center, the University of Tsukuba.
Beams of ' 0, '"0, ' 0, and ' F from a 12 UD Pel-
letron Tandem Accelerator bombarded Al targets.
The beams used in this experiment were the follow-

ing: 88, 70, and 60 MeV for ' 0, 60—200 nA on
target produced from a sputter ion source; 86.4 MeV
for ' 0, 40 nA; 88 MeV for ' 0, 70 nA, both ob-
tained from an ordinary duo plasmatron using Oq

gas enriched to 30%%uo with '
O~ or 60% with '

Oq

and 95 MeV for ' F, 50 nA from the sputter ion
source using a conical target of CaFz. The targets
were self-supporting Al foils of 120—280 pg/cm
thicknesses, which were determined by measuring
energy losses of "He from a 'Am source. The un-
certainty of the measurements of target thicknesses
were within 6%.

Reaction products were detected by two sets of a
conventional AE-E type of counter telescope. One
consisted of 6.7 pm thick hE and 1000 pm thick E
silicon detectors, suitable for the detection of low

energy (down to several MeV) products. The other
consisted of 30 pm thick hE and 1000 pm thick D
detectors capable of identifying the products not
only in Z [Z (Z (projectile)] but also in A.

The signal pairs of hE and E from the detectors
were accumulated in computer systems PDP 11/40
for preaccumulating, and PDP 11/50 for recording
and analyzing. Particle identification was per-
formed by the operation of selecting bands, which is
a direct access to the contour map of b,E and
E+bE by use of cursor function on a keyboard.
The energy of the products were calibrated by the
elastic scattering measurements. Comparing with
the estimation based on the available values of ener-

gy loss by Northcliffe and Schilling, this calibration
held within +1 MeV over the entire energy region of
interest.

III. RESULTS AND DISCUSSIONS

A. Energy spectra of ejectiles

The energy spectra of the ejectiles of isotopes
from He to 0 emitted at O~,b ——22' in the reactions
'80+ Al at 88 MeV are shown in Fig. 1. The
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FIG. 1. Energy spectra of particles emitted from the reactions "0+ Al at 88 MeV, O~,b

——20'. The abscissa is ex-
pressed in Q values. The arrows denoted E~ and V„respectively, correspond to the velocity of the projectile and to the
Coulomb barrier in the two-body exit channel, with the radius parameter, ro ——le 4 fm.
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abscissa is expressed in Q values assuming two-body
reactions. In the spectra for n =0 (' 0) and n =1
('70 and ' N), some discrete structures correspond-
ing to ground and low-excited states of residual nu-
clei are observed. For n &2 all the spectra are of
continuous structure with only one bump. In none
of the cases are two bumps observed, which is in
contrast with the cases of the H-H and L Hsy-stems.
The situation described above is essentially the same
with other L-L systems in the present study.

For most cases, the most probably kinetic energies

E/ of the ejectiles are much less than the incident
c m e. ne. rgy E;, i.e., E/ «E;, especially for large n;
hence, DIC is important according to its conven-
tional definition of DIC. The most probable effec-
tive Q values,

Q, =EI E; —(V—~—V,'),
are compared with empirical formulas given by Mi-
kumo et al. ' and the results are consistent with the
formula for DIC for n & 8, i.e., Q,rr =a'n +p' with

a' —0.061(E;—V,')+0.11 (MeV)

and

P'= —0.37(E;—V,
'

) —0.51 (MeV)

and not with the formula for QEC, i.e.,
Qerr =an +P, with

a= —0.1(E; V,') —0.9 (M—eV)

and P= —3 MeV.
However, E~ is much larger than V„which is in

strong contrast with the H-H case, i.e., Ey-V, .
This feature refiects the fact that in the L-L system,
the thermal equilibration in the DIC is less complete
than in DIC in the H-H system, as will be discussed
later in more detail.

B. Angular distributions of ejectiles

The energy spectra of ejectiles are divided into 5

MeV bins in Q values, and the angular distributions
d o/dQdQ of all Q-value binds of ejectiles in the
reactions ' 0+ Al at 88 MeV are given in Fig. 2.

All the angular distributions are well reproduced
by a formula

d o /d Q dQ =3 exp( p8) /sin8—

as was reported in a previous paper for ' 0+ Al at
88 MeV. The dashed lines in Fig. 2 are the calcu-
lated lines obtained using Eq. (1). The uncertainty
of the determination of p is shown for the case of
'sN ejectiles, as is seen from lines denoted p and
}u+0.3 (rad '). The same situation holds for all the
incident variables in this study, i.e., ' 0+ Al at

86.4 MeV, ' F+ Al at 96 MeV, and even for
' 0+ Al at 70 and 60 MeV, in a wide angular re-
gion. For ' 0+ Al, the measurement was made at
small angles Ot» down to 3' and large angles up to
90'. We were able to fit all the data with formula (1)
in all the angular region. There is no indication of
the bell-shaped angular distribution, characteristic
of QEC, even at the angle much smaller than the
grazing angle (=17' for 88 MeV ' 0+ Al). Even
at lower bombarding energies of 70 and 60 MeV, for
' 0+ Al and i60+50Tj at 80 MeV, no bell-shaped
angular distributions were observed.

This circumstance is in strong contrast to the
cases of the H-H and L Hsyst-ems. In ~Ar+ Th
at 388 MeV, ' the angular distributions of the prod-
ucts change from a bell-shaped form with the peak
at 8=8s, for QEC to an exponential form with the
increase of the inelasticity, i.e., the increase of n and

~ Q ~

. In the case of ' 0+ 'Pb, the angular distri-
butions of the energy-integrated products on N, C,
and 8 are bell shaped at 140 MeV, whereas they are
of an exponential form as given by (1) at 310 MeV.

The angular distribution of form (1) is, as dis-
cussed in a previous paper, well explained by a ro-
tating dinucleus system (DNS). ' 'o The projectile
and the target are thought to stick to each other and
form a DNS of dumbbell shape, rotating with the
angular velocity co, and the exchange of nucleons
and energies is thought to take place at the contact
region of the dumbbell. After the lifetime r of the
system, the scission of DNS occurs, producing the
ejectile and the residual nucleus.

The term p in (1) can be understood as

I/p=8g=cor, (2)

with 8~ the mean angle of rotation of DNS before it
decays. p is another measure of inelasticity ': The
smaller the value of p, the longer the lifetime r.
Indeed when p becomes small, say, less than 0.5, the
angular distribution approaches the form —1/sin8,
a form characteristic of the complete fusion (CF).
As was pointed out in a previous paper, the reac-
tion mechanism evolves gradually from DIC to-
wards CF with the increase of n and

~ Q ~, revealing
little contribution of QEC in the present cases.

The reason why, in the reactions of the L-L sys-
tem studied here, DIC dominates over QEC even at
low bombarding energies, as can be seen in the fact
that E~ &&E; and in the absence of bell-shaped an-
gular distributions, is consistent with the classifica-
tion of reaction mechanisms according to the modi-
fied Sommerfeld parameter rl'. In the present
study g' & 10, which is much smaller than for the re-
actions of the H-H and L-H systems quoted above
(several tens to 100).

The values of p for the reactions ' ' 0+ Al
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Al( O, X) EiI(b= 88 MeV I,'a)
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FIG. 2. Angular distributions of differential cross sections, d o /dQdQ [mb/sr&((5 MeV)], of the reaction products in

the reactions "0+~7A1, at 88 MeV. The Q values are divided into 5 MeV bins. The dashed lines are obtained using Eq.

(1). The error in the determination of (u (rad ') in Eq. (1) is indicated for the case of the "N ejectile: o: —10&Q & —5;

~: —15&Q& —10; 0: —20&Q& —15; ~: —25&Q& —20; 6: —30&Q& —25; k: —35&Q& —30,

—40 & Q & —35; C': —45 & Q & —40; 8: —50 & Q & —45.

F+ Al at -90 MeV are shown for typical
ejectiles as a function of Q value in Fig. 3(a), and fot
individual cases of nucleon transfer and for Q value
btns in Fig. 3(b) An example of the uncertaint for
the determination of the value of p, is shown for the
reaction ' 0+ Al —+' N in Fig. 2, as mentioned
above.

Figures 3(a) and (b) show clearly that p decreases,
in general, with the increase of n and ! Q!, i.e., with

the increase of inelasticity, which is consistent with

the picture of the DNS model. Certain reactions,
however, have larger values of p even for large ! Q !

as compared with those producing adjacent reaction
products. The contrast is the strongest for the reac-
tions (' 0, ' 0')(' 0, ' N) and (' 0, ' N) (p transfer);
(' 0, ' C) and (' F, ' N) (2@2n transfer). These reac-
tions are considered to hold more direct type of
features even for large ! Q! than the reactions pro-
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Al( O, X) El~b= 88 MeV
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ducing neighboring products.
Here we mention a contour map of yields of ejec-

tiles in the 8-Q plane like that given by
Wilczyriski. " An example for the case of

Al(' 0, ' C) at 88 MeV is shown in Fig. 4. As is
clear from the features already described, no "is-
land" appears corresponding to QEC around

Og 17' in the contour map. Instead, the maximum
yields are concentrated towards 0' with the energy
Ef much below E; (the dominance of DIC), but still
larger than Vf. (See also Fig. 1) According to
Vhlczynski's picture, we should conclude that the
emitted particles are deflected mainly towards nega-

tive angles. This is due to the weak Coulomb repul-
sion in the L-L system compared with the attractive
nuclear force.

C. Cross sections of isotope production

The energy-integrated cross sections der/dQ of
the production of isotopes, measured at a specific
angle, are reported to be proportional to exp(Q~)
among the isotopes, ' where Qss are the Q values of
specific two-body reactions leaving both products in
their ground states. This nature is well explained by
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the picture of DNS, assuming that DNS be in a
thermal equilibrium with a constant temperature T,
and with and without the correction due to the non-
pairing effect of nucleons in the residual nucleus.

As an example of our L L-system, the
log(der/dQ) of products of reactions ' 0+ Al mea-
sured at several angles are plotted vs Q~ in Fig. 5(a)
grouped together for each element. The situation
appears to be very complex, changing drastically
with the angles of emission, and no obvious linearity
holds between log(do'/dQ) and Q~. The most

marked irregularity is seen for ' 0, '7N, and ' C.
For these reaction products, the irregularity was ob-
served with the values of p [Figs. 3(a) and (b)], and
the reaction processes producing these products are
considered to be faster than those producing adja-
cent isotopes.

Next, consider the correction b, (A,Z) =5(p)+5(n)
to Q~ owing to the nonpairing effect of protons and
neutrons in the heavier two-body reaction residues.
In Fig. 5(b) log(do ld0)'s are plotted against

Q~+ b, (A,Z),

with b,(A, Z) (MeV) =
—33.5A for 3 even, Z even,

0 forA odd,
+33.5A ~ for A even, Z odd.

(3)

-40-

-30-

X
g-20-

f0 20 30 40
e~(deg )

50 60

FIG. 4. Contour map of the yield d 0 /d 8 dQ
(mb/rad&(MeV) of the reaction Al(' 0,' C) at 88 MeV
in the 8-Q plane.

At a very forward angle, say 8i,b ——8' or 10', no ex-
ponential relation between d o /d 0 and
Q~+b, (A, Z) is seen for 0, N, and' C isotopes. On
the contrary, at larger angles, say 8„b=35',
log(do /d Q) is almost linear to Q~+ b,(A, Z) among
the isotopes, and also the gradients are almost the
same among all elements. The situation is similar
for the reactions of different incident channels such
as ' 0+ Al and ' F+ Al, although the number of
identified isotopes is much lower.

From these features, we conclude that except at
extremely forward angles, the transfer reactions in
the L Lsystem pro-ceed mainly via DIC, and is con-
sistent with the formation of DNS in an intermedi-
ate stage. However, as can be seen from the fact
that Ey & V, as mentioned above, the thermal equili-

I

bration is incomplete, at least for reactions produc-
ing the ejectiles with Z &4. At extremely forward
angles the irregularity in Fig. 5(b) shows that some
different reaction mechanism, e.g., projectile break-

up, may play an important role, especially for reac-
tions such as inelastic scattering and p and 2p2n
transfer. We report, in the following paper, the ob-
servation of the projectile breakup for the case of
' 0+ Al~a at 87.4 MeV. It is also to be noted
that for the reaction ' 0+ Al at 88 MeV, 4

~ Q,gg
~

increases strongly with the increase of 8, for
8~,b&30' and for 0, N, and C, but is less angle-
dependent for lighter ejectiles, and changes little
with 8 for 8~,b & 30' and for the lightest ejectiles.

Figure 6 shows the energy-integrated cross sec-
tions da/d8 of isotopes emitted from the reactions
' 0+ Al at 88 MeV. Even for the energy-
integrated cross sections, do/d8 is still an exponen-
tial function of 8~,b for isotopes of, say, Z & 5 and
almost isotropic for, say, Z&4. Figure 7 shows
der/d8 for elemental production for the reactions
' 0+ Al at 88, 70, and 60 MeV [Fig. 7(a)] and ' 0,
' 0, ' 0, ' F+ Al [Fig. 7(b)]. Vertical arrows on
the abscissa in Fig. 7(a) show classical grazing an-

gles assuming a Coulomb trajectory with a radius
parameter ro 1.4 fm. T——he gross features of angu-
lar distributions of cross sections of elemental pro-
duction are more similar to those of the L-H system
at high energy (310 MeV ' 0+ Pb) than at low
energy (140 MeV '60+ Pb). These figures togeth-
er with Figs. 2 and 6 indicate clearly that in order to
understand the details of reaction mechanisms and
their evolution as functions of outgoing energies, it
was crucial to identify not only Z but also A of em-
itted particles and to look at Q-value dependent an-
gular distributions.
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Through the study of energy spectra, most prob-
able Q values, angular distributions, and production
cross sections of isotopes emitted in the L Lsystem, -

we have obtained information about the reaction
mechanisms of transfer reactions.

In the L-L system even at relatively low energies,
say, less than 100 MeV, we observed many features
similar to those of DIC found in high-energy HH-
and L Hsystems. The-contribution of DIC is very
important compared with QEC, and the reaction
mechanism evolves towards CF with the increase of
n and

~ Q ~

. The yields of emitted particles are con-
centrated towards 0' with Ef «E;, for Z (ejectile))4. This is explained by a negative angle deflection
according to a Wilczyriski's picture. The picture of
DNS, developed to explain the DIC of the H-H sys-
tem at much higher energies assuming two-body re-
actions, is found to be consistent with the present
data of the L-L system. However, the thermal
equilibration of DNS is less complete at least for Z
(ejectile) )4, as is seen from the fact that Ef & V, .
At extremely forward angles, different mechanisms
without passing through the formation of DNS,
such as the projectile breakup, may play an impor-
tant role.
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