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MeV: Optimum Q values and Q-value dependence of angular distributions of reaction
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Al(' OQ) reactions are studied at 88 MeV. The A and Z of reaction products X = ' 0, ' ' ' N, ' ' C,"' 8, 'Be, and ' Li are identified. Despite the low bombarding energy, the general features of (i) energy

spectra, (ii) the optimum Q values Q,~, and (iii) angular distributions in 5 MeV intervals in Q are very

similar to those of much higher energy data of heavier systems: i.e., (i) dominance of deep inelastic

reactions, (ii) Q,ff values well reproduced by the "universal" relations previously found for deep inelastic

reactions, and (iii) cr(8,Q) of a form A expf —p,(Q)8]/sin8. The variations of Q,„with 8, and of p, with Q
and n, the number of transferred nucleons, are discussed in connection with the gradual evolution in reaction
mechanisms from quasielastic to deep inelastic to complete fusion.

NUCLEAR REACTIONS YA1( OX), E=88 MeV, X= 60 ' ~ N, ' C, ' B,
O' Be, and '6Li, measured energy spectra, optimum q values, o, 0 (8), and

0 (~.Q)-

I. INTRODUCTION

Q ff en +p, for n & 4

with

(2)

a = -0.1(E, —Vc) —0.9 (MeV) (3)

and P scattered around

P=-3 (MeV). (4)

Many investigations have been made of the
systematics of the optimum or the most probable
"effective" Q values, Q,«, in multinucleon trans-
fer reactions induced by heavy ions of the type
A+ a- b+B: The optimum effective Q value is
defined by

Q,o = (Ey —Vc) —(E( —Vc)

= Q„-E„+aV, , (1)

where E„E&, Vc, Vc, EVc, Q, , and E," are the
incident c.m. energy, the most probable outgoing
c.m. energy, the Coulomb barriers in the incident
and outgoing channels, their difference, the Q
value in a reaction leaving both the final pro-
ducts b and B in their ground states, and the most
probable excitation energy in the final channel,
respectively. Hereafter, the radius parameter
~, will be taken to be 1.4 fm.

A very thorough study of Q,«was reported by
Mikumo et gl. ,

' who obtained a very simple empiri-
cal relation between Q,«and the number of trans-
ferred nucleons n (cf. Fig. 9 of Ref. 1 and Fig. 5 of
this paper},

These relations [(2)-(4)j hold for all the data
available at that time identifying both A and Z,
i.e. ,

""Cr + "N at E» between 64 and 95 MeV,
"Mo+ "N (A =92-100) at E„,=97 MeV, ' and other
reactions (quoted in Ref. 1) with a variety of inci-
dent variables, E; —P~, ranging between 20 and
60 MeV. (See Fig. 5.)

Moreover, by examining the available data for
larger n, i.e. , 5 &n ~10, Mikumopointed out further
empirical relations between Q,«and n, '

Q,ff =n n+P

with

o.'=-0.06(E& —Vc')+0. 1 (MeV),

P =-0.4(E; —Vc) —0.5 (MeV).

(5)

(6)

(7)

(See Fig. 5 of this paper. )
The quantities n and a. are interpreted as energy

losses per nucleon transfer, which are propor-
tional to the net incident energy, E,. —V~i. On the
other hand, P and P correspond to the energy
losses due to the internal excitation of target nu-

clei in the inelastic channels, presumably corres-
ponding to quasielastic (QE}, i.e. , Ef =E„and
deep inelastic (DI), i.e. , EP«E, collisions, re-

spectivelyy.

It is often pointed out that multinucleon transfer
(e.g. , n ~5) reactions can only occur in DI colli-
sions, ' and as P' is obtained through the extrapola-
tion from data for n ~ 5 to n =0, it should be com-
pared with Q,« in the inelastic scattering.

In recent years several data of DI collisions
were reported in the energy region of tandem
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accelerators, e.g. , Ni("0, "0') at 96 MeV by
Albrecht et al. ,' and an extensive study of "Al+ "0
at 90 and 100 MeV by Cormier et al. ' These data
gave a value of ~Q",« ~

larger than the value pre-
dicted by Eq. (7) by a factor of 1.5 to 2.

On the other hand, it is pointed out that from
the systematics of angular distributions of cross
sections of reaction products the reaction mechan-
ism is classified by the so-called "modified Som-
merfeld parameter" g"'

Z„Z,e' . , 2(E, —V, } '"
g = "~p wlthv= I (8)

where Z„e and Z,e are the charges of the target
and projectile, v and p, are their relative velocity
and reduced mass, respectively. For simplicity
we take V, for the Coulomb potential Vc only, with
radius parameter rp 1 4 fm as above. If this
classification is valid, even with low bombarding
energy, "Al+ "0at 88 MeV would correspond to
much higher energy reactions of much heavier
target-projectile systems.

The aims of the present study are the following:
(i) to see if the systematics of Q,«mentioned
above are valid for incident variables different
from those quoted above, i.e. , "Al+ "0at 88 MeV,
and especially to obtain P' in the inelastic channel,
(ii} to obtain systematics of energy spectra of
emitted particles, (iii) relative yields of isotope
productions do/dII, and (iv) dependence on Q
values of angular distributions of emitted particles
d'o/dII dQ vs 8,

thick and Si surface barrier b, E counters of various
thicknesses. The identification in A. as well as Z
of the reaction products was satisfactory with
29.5 p, m thick bE counters, for 2 &g &8, in the
angular range 10' ~8„b &35'. Thinner bE counters
(6.7 and 16.9 pm thickness) were used to detect
lower energy reaction products at backward angles
of 22 &O„b ~75' at the expense of good identifica-
tion in A. The data at backward angles were
normalized to those at forward angles (as men-
tioned in Sec. III E).

The solid angles subtended by the detectors
were 0.5 msr at forward angles and 1.0 msr at
larger angles. The total energy resolution as
measured for elastic peak was 500 keV full width
at half maximum (FWHM), at e„b =22', including
an important kinematical effect.

Energy signals from each counter telescope were
sent to the memory of the PDP 11/40 computer
system, and then sent to the PDP 11/50 system
and were recorded event by event on a magnetic
disk and a magnetic tape. Particle identification
was executed using graphic display equipment.

III. RESULTS AND DISCUSSION

In the following, the data obtained in the present
experiment are summarized and a discussion of
the results is presented. In general, the present
results are consistent with those of Cormier et gl. '
for "Al+ "0 at 90 and 100 MeV, although they
identified either Z or A, but not both.

II. EXPERIMENTAL PROCEDURE

The beam of 88 MeV "0"ions was produced
by the 12 UD Pelletron at the Tandem Accelerator
Center of the University of Tsukuba. Targets of
aluminum foil 90-120 pg/cm' thick were irradia-
ted by the "0beam with the intensity of 30 to
150 nA.

In the course of the irradiation, accumulation
of carbon soot was observed at the beam spot on
the target. In order to avoid this carbon accumu-
lation, the target foil was moved bit by bit several
times during the irradiation. Further, a liquid
nitrogen trap was placed near the target to re-
duce the vapor pressure of hydrocarbons in the
scattering chamber. These precautions assured
us that the background in the energy spectra of
emitted particles due to the carbon contamination
was very small. This fact was confirmed by com-
paring the energy spectra obtained from the alum-
inum targets with those from a carbon target.

The reaction products were detected and iden-
tified by using conventional counter telescopes
consisting of Si surface barrier E counters 300 p, m

A. Energy spectrum

As an example, energy spectra of emitted par-
ticles "0, "N, "N, "C, "C, 'B "B, 'Be, 'Be,
'Li, and 'Li observed at 8~,b =26' are shown in
Fig. 1.

The energy spectra of emitted particles, except
for '80 revealed only one component (a bump) at
(9iib & ~gf =17'

In the case of "0, in the QE region, some
peaks at E,=2 MeV and E,=6-7 MeV were ob-
served, giving P=-5 MeV. Some selective peaks
were also observed in the case of "N (n =1) at the
most forward angles, which are not shown in the
figure.

Except for these peaks for n =0 and for n = 1, at
forward angles, for emitted particles correspond-
ing to transfer of more nucleons (e.g. , n ~2) no

selective peaks were revealed and only a broad
bump was observed, the peak of which corresponds
to high excitation energies, E„=15-35MeV, i.e. ,
Ef «E, . Thus the major part of the energy spec-
tra corresponds to DI reactions, despite the low

bombarding energy in the present experiment.
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FIG. 2. Energy integrated production cross sections

{mb/sr) of emitted particles in the reaction Al{ O, X)
vs Q~, Q values for the reaction leaving both products
in their ground states. The statistical errors are within
the scales of points.

FIG. 1. Energy spectra of products in the reactions
Al{ O, X). The abscissa and the ordinate show the

energy (MeV) of products and the yields d 0/dQdE
(mb/sr MeV).

"C from "Q: In the system "Zr+ "Q, '"Au+ "Q,
and 'o'Pb+I60 (Ref. 8) the yield of "C is not ex-
tremely large compared with those of "N and
13'

B. Energy integrated cross sections de jdQ

The cross sections vs Q„of production of iso-
topes of 3 &Z~8 at O„b =10', 14', 18', 22', and
26' are shown in Fig. 2. For "0, the elastic part
is excluded. The yield of "Cis extremely large and
shows a smooth increase of do jdQ with Q ~. How-

ever, no simple Q„dependence with an equal
gradient among the yields of all isotopes, as
shown by Dubna group, ' was obtained.

Due to the precautions to avoid carbon contam-
ination on the target, the fraction of yields from
carbon is considered to be negligibly small corn-
pared with that from aluminum itself. A very
large yield of products with P = 12 was also ob-
served by Cormier eg al. ' in the same system
-Al+~'Q at 100 MeV.

The large carbon yield cannot be attributed
merely to the effect of the separation energy of

C. The relation of ~egg vs 8~a

The values of Q,«were obtained from the Q
values corresponding to the maximum yield. The
uncertainties of these values are estimated, in
most cases, to be within +2 MeV. For reactions
with large pg, or even with small n in the case of
c'omparable importance of QE and DI processes,
the shapes of energy spectra often flatten, and the
determination of Q «becomes more difficult. In
some cases, the values of Q,«could not be deter-
rnined.

The values of Q,«are presented as a function of
H„b in Fig. 3. (A slight influence on Q,I; values by
changing the lab system to a c.m. system was in-
vestigated. For instance, for "C the values of
Q «differ by about 1 MeV at the most forward
angles and are almost equal at larger angles. )
Unlike in the work of "Cr + "N at 90 MeV with
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ducts in the reactions ~hl{ 6O, X) at 88 MeV.

n ~ 5, and with ~h,b& 8„,'where Q,ff = const throughout
awide range of 8&b, ~ Q,II ( increases strongly withthe
inCreaSe Of 6)„„ fOr the iSOtOpeSOf Oand N, iSleSS
angle dependent for isotopes of C and "8, and
changes little with 8, , for 10 ~n & 6. At angles
H~, b & 8-„= 17', even for small n, Q,«of each pro-
duct tends to become constant. (The angle e~ is
the grazing angle. )

These features reflect the fact that the greater
the number of transferred nucleons n the more the
energy becomes equilibrated, on the average, and
attains a saturation for light products (e.g. , s ~ 5),
as is illustrated in the picture by Wilczynski. ' On

the contrary, for smaller n values, the strong
variation of Q,«with 8„, in the region H„, -e~
shows that the equilibration is still incomplete.

of Q,«predicted by Eqs. (5), (6), and ('I) for the
present case: E, —Vo =35.9 MeV (r, =1.4 fm).
The overall trend of the experimental Q,«values
is quite well reproduced by the predicted values ob-
tained with the other incident variables quoted
above. On the contrary, Eqs. (2}-(4)do not re-
produce the observed Q ff' s. Equations (5)-(1)
are thus shown to be useful in estimating the Q «
values of unknown reactions.

The mean values of Q~« for n «4 change little
with n, but much with 0„b and a deviation from the
straight line to both sides is observed. Because of
the presence of the QE part, one should be careful
in determining Q,«at forward angles. An impor-
tant deviation towards larger ~P'

( was previously
observed in the case of inelastic scattering, g =0,
as in the case of Ni+IO at 96 MeV (Ref. 4) and
2IAI+ "0 at 100 MeV (Ref. 5), but their angular
dependence was not so widely studied.

Our EIIs. (2)-(4) for QE reactions and (5)-(1)
for DI reactions were obtained experimentally under

0

~I P

D. The relation of Q~e«vs n

The values of Q,f~ are plotted as a function of n
and L9„b in Fig. 4. The variation of Q,«with H„b
mentioned in Sec. IIIC is indicated by the vertical
bars.

The dotted straight line in Fig. 4 gives the values
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FIG. 4. The values of Q&~z (MeV) vs the number of
transferred nucleons g. The dotted straight line was ob-
tained from the predictions of Eqs. (5)-(7). The vertical
bars indicate the variation of Q~&f vs 8 ~. (See the text. )

FIG. 5. The coefficients 0. , P, n', and P' (MeV) in
Eqs. (2)-(7) for various reactions vs the effective inci-
dent energy, E&- V~ (MeV). The data shown are the
results of reactions at various energies. O: 5"~3Cr

+ N (Ref. 1), 0 +No+ N (Ref. 1), ~ . +Zr+ 4N

(Ref. 1) +. Th+ Ne (Ref. 11), 4 +Th+ N (Ref. 11),
0: Mg+ 0 (Ref. 12), &: Pb+ O (Ref. 8) and pre-
sent results. In the present results, data marked X are
obtained to fit the mean data for transfer reactions n
&0.
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Gelbke et al. ' compared their values of Q,«of
'"Pb+ "O at 140 MeV (E, —Vc =50.1 MeV) with
Eqs. (2)-(4) and concluded that their data deviate
from our predicted values. However, including
Eqs. (5)-(7), the majority of their data were re-
produced, except those of "N and "C (see Fig. 5).

Comparing with Q„,; the data of the reactions
"'Pb+ "O at 315 MeV (E; —Vc) =213 MeV) by the
same authors, ' they claim that the general trend
of isotopes of N and C (1 &n &4) is rather better

the assumptions that (i) reactions proceed via the
two-body reaction process A + a- b + B* so that Eq.
(1) holds, and (ii) heavy residual nuclei are highly
excited and emit light particles successively,
whereas light products are not excited. The avail-
able data giving rise to Eqs. (2)-(7) were found in
the energy range 20 & E, —VcI & 60 (MeV). As the
bombarding energy becomes high, i.e. , as these
conditions break down, there should be the limit
of validity of our "universal" relations.
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reproduced by another simple relation,

(9)

Al( S.x) EL =88MeV

which is valid for the case of M„»M, and M, »
»nm, where m is the mass of the nucleon. ' The
data at extremely high energies seem to be repro-
duced by this a Priori comprehensive relation.
However, the majority of Gelbke's datadeviate from
Eq. (9}and are still better fitted with our Eqs. (2)-
(4).

In a recent experiment of Fukuda et al."on
"Nb+'4N at 159 MeV (E, —V1c = 93.0 MeV), the
data for n & 5 are well fitted using QE Eqs. (2}-(4).
Also at 209 MeV (E, —Vc = 136.7 MeV), some of
their data for 1 ~n &4 are rather well fitted by
QE Eqs. (2)-(4}; however, the data with n & 5 are
not well fitted with DI Eqs. (5)-(7}at 209 MeV.

We can conclude that Eqs. (2)-(4) and (5)-(7)
are valid for reactions at least in the range 20
&E, —Vc &60 (MeV) and probably up to higher
energies.

In Fig. 5 the relations of e, P, n, and P' vs
E, —V~ are shown, ' including the present and
some old and recent data. ""~ The value of

p of the present results with n ~4 was obtained
from the mean values shown in Fig. 4.

E. Angular distribution 12a/dQdQ of reaction products
as a function of Q values

Angular distributions d'0/dgdQ of isotopes of
0, N, C, B, Be, and Li are shown in Fig. 6 in
energy intervals of 5 MeV in Q values, from 0&-Q
& 5 to 45& -Q& 50 MeV. At large angles, i.e. ,
8„b & 35', the identification of g being incomplete,
the data beyond the angles indicated by arrows in
each figure are obtained assuming that 0, N, C,
and B data be attributed to "O, "N, "C, and ' B,
respectively, and normalized at the points of the
arrows.

Almost all the angular distributions are well
reproduced by a form

0 (8, Q) = A(Q) exp[-i1 (Q)8]/sin8 (10)
where 8 are c.m. angles. Also in Fig. 7, some
examples of do/d8 are given showing clearly their
exponential form.

It is pointed out by Galin' and by Lefort and Ng6'
that for reactions with small modified Sommerfeld
parameters q', many reactions show the relation
dc/d8 ~exp(-g8) [e.g. , Ni+Ar(280 MeV), q' =39].
The value of g' =8.7 in the present study.

An overall feature of angular distributions simi-
lar to the present case is shown in the same reac-
tions, "Al+ "0 at 90 (1)' =8.5) and 100(q' =7.9)
MeV, by Cormier et al. , ' although no detailed dis-
cussions are made about the coefficients of expon-
ential forms.
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Comparing the form of the present angular dis-
tributions with other data, the overall energy-
integrated data of 'ospb+"0 at 315 MeV (q =27)
(Ref. 8) resemble our angular distributions of expon-
ential forms. On the contrary, for the data of the
same reactions at lower energy, 140 MeV (q' =55),
the form of angular distributions is different,
showing bell-shaped types, for products of N, C,
and B.

The angular distributions of energy integrated
cross sections in the present study reveal no bell-
shaped form, but have a shape similar to that
given by Eq. (10).

The values of A and p are shown in Table I.
For small (Q~, e.g. , ~Q~& 15 MeV, the values of
p, are larger for smaller n and smaller for larger
n. However, for larger (Q[, e.g. , (Q(o 15 MeV,
the values of p. are almost the same throughout a
wide range of n, at least 0 &n ~ 5. With the further
increase of n, e.g. , n&6 and )Q(, e.g. , )Q)&40
MeV, the form of the angular distribution tends
gradually to -1/sin8. Indeed, for g & 0.5, say,
the form of Eq. (10) cannot be well distinguished
from that of -1/sin8, characteristic of angular
distributions of products in complete fusion (CF)
reactions. Although the angular range of the
angular distribution does not attain sufficient
backward angles, dc/d8 as shown in Fig. 7 is
quite flat for large ~Q ~, whereas it is of exponen-
tial form for small (Q(.

These remarkable features reflect the fact that,

e, ~ (deg)
FIG. 7. Some examples of angular distributions d g/

dedQ [mb/rad 5 (MeV)] of products from the reaction
Al( 6Q, X) at 88 MeV in the 5 MeV intervals of Q values.

~ ' 0, +: N, &: N, Q: C, O C, +: B, V ~OH+
SBe, Q: Be, X: ~Li, 0:8Li.
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do 1—= const x
dQ sin8 ' (12)

which is expected for a complete fusion reaction.
On the contrary, if T is very small, i.e. , z

«2v/u&, the angular distribution is strongly for-
ward peaked and has a form of

do' 1—= const x . exp(-8/8, ),dQ sin8 (13)

where 8, =cov is called a "decay angle. " The
angular distributions given by Eq. (10) correspond
to the latter case.

In order to get the lifetime for each decaying
product, at certain Q values, their angular
velocities are estimated by

(14)

(15)

where p, , and v, are the reduced mass and the
relative velocity in the incident channels. We
assume here a grazing collision between two
spherical balls with distance of closest approach
R, . In the present case, using R; =R„+R,=7.7

fm, one obtains (d =3.4x10" sec '. The values
of 8~ and y are shown in Table I, together with

for small ~Q~, i.e. , in QE collisions, the behavior
of heavier and lighter products is different. For
larger ~Q~, i.e. , in DI collisions, all the relevant
products are equally relaxed, although incomplete,
or suffer an equal frictional force" and behave
in the same fashion, despite the difference of Z
and A. For still larger ~Q( and n, the energy re-
laxation and equilibration of the system become
more complete and as the angular distribution
-1/sin8 shows, the reaction proceeds via the CF
process.

Thus the results of angular distribution as a
function of Q, d'o/dAdQ, in the present study re-
veal clearly a continuous evolution QE -DI- CF
as functions of n and Q.

F. Estimation of lifetimes of intermediate systems

Several models are presented predicting the
angular distributions of the form of Eq. (10), e.g. ,
either in terms of nuclear friction" or by a simple
classical model of a rotating dinuclear system, ""
with a mean lifetime r and an angular velocity (d.

According to the latter model, the angular dis-
tribution of a decaying product from such a system
is given by
do 1

dA
—= const x . (exp(-8/ur) +exp[-(2v —8)/wr]) .sin8

(11)
In Eq. (11), if r is very large, i.e. , r»2v/v, the
angular distribution has the form

those of p. and A mentioned above. Lifetimes thus
obtained are in the range T =(0.3-4) x10 "sec.

These values are roughly compatible with the
results of the case of "'Pb+ "0at 315 MeV, ' but
seem to be short compared with the "transit time"
of the projectile T =2R, /v, =6x10 "sec. In
actual grazing reactions, the interaction length
will be much less than 2R, .

Moreover, u& in Eq. (14) is given by v, and R„
which should be modified in the course of realistic
collisions. If

(dy —vy /Ry (16)

is used, ' instead of ~, where vf and R& are the
most probable velocity and the distance of closest
approach in the exit channel, respectively, the
lifetime increases by 50-200%.

Although the estimate of lifetimes given above
is very rough, the values obtained for small n
and ~Q~ are comparable to the interaction time of
direct reactions, while they are much longer for
large n and )Q~.

IV. CONCLUSION

The emitted particles from the reactions "Al
+ "0at 88 MeV are identified both in Z and A.
Although the bombarding energy is low, the over-
all features of the products resemble that of much
heavier systems at much higher energies, showing
dominance of DI to QE and the exponential angular
distr ibutions.

The most probable effective Q values, Q,«, for
wide ranges of n are well reproduced by the em-
pirical "universal equations" (5)-(7) predicted for
DI collisions, despite some variations for n ~4.
Therefore Eqs. (2)-(4) and (5)-('I) are useful to
predict the Q,«values as far as two body reac-
tions play the main role, at least in the energy
range 20 & E, -Vc' & 60 (MeV) and probably up to
higher energies.

The angular distribution in Q-value intervals of
5 MeV shows the shape of o(8, Q) ~ exp(-p 81/sin 8,
the form observed in much higher energy data.
The variation of p. as a function of n and Q reveals
clearly a gradual evolution of reaction mechanisms
QE- DI- CF.
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