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Reactions induced by 0O bombardment of >’Al have been investigated using a time-of-flight spectrometer for
E(**0) =90 and 100 MeV. Systematics of the angular distributions vs mass transfer and Q value suggest that
frictional collisions are important in the transfer channels. The magnitude of deep inelastic cross sections and
quasielastic cross sections are compared with previous fusion cross section measurements and limiting angular

momenta are deduced.

NUCLEAR REACTIONS 27A1(1°0, M)for mass of M=6 through 22 amu, E(%0) =90,
100 MeV, 27A1(160’160)’ 27A1(160’ C), 27A1(160, N), 27A1(160, 0), E(lso) =100 MeV.
Measured 0(E,, 6,), @ values, total reaction cross section.

I. INTRODUCTION

Heavy ion transfer reactions were initially inter-
preted to be quasielastic processes occurring for
grazing collisions. Recent studies at higher ener-
gies* and with heavier beams?~" have shown that,
particularly for multinucleon transfer, a substan-
tial fraction of the reaction cross section may ap-
pear in channels with significant damping of the
kinetic energy of relative motion. These deep-in-
elastic transfer reactions are believed to occur
for impact parameters smaller than grazing when
the energy is sufficiently high that the angular mo-
memtum of these orbits exceeds the compound nu-
cleus critical value. Deep-inelastic reactions have
been observed for systems ranging from ®*Kr
+209Bi%7 to %0 +Ni®° and the systematics of the
angular distributions and @ values are becoming
well established.

The mechanism of deep-inelastic collisions is of
interest for several reasons. First, deep-inelas-
tic collisions are intermediate between compound
nucleus formation and direct reactions'® in that
the kinetic energy degrees of freedom are equili-
brated while a memory of the entrance channel is
maintained. As a result, the cross sections for
deep-inelastic collisions may eventually be applied
to determine heavy ion optical potentials corres-
ponding to larger nuclear overlap than that which
occurs in conventional direct reactions. Some
sensitivity to the nuclear potential may already
have been observed!® experimentally in the strik-
ing difference between deep-inelastic reactions
and fusion induced by *°Ar and ®*Kr beams on heavy
targets.

A second reason for interest in the mechanism
of deep-inelastic collisions is that the nearly com-
plete damping of the kinetic energy of relative mo-
tion which is observed is a result of nuclear vis-
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cosity. Thus it is possible that precise measure-
ments of the systematics of optimum @ values vs
mass transfer and angle may yield information on
this parameter which is important from the point
of view of nuclear fission theory.

Finally, because it is responsible for the de-
crease of compound nucleus cross sections for
very heavy targets, the mechanism of deep-inelas-
tic reactions is important in estimating cross sec-
tions for the production of superheavy nuclei.

The present work reports on the observation of
deep-inelastic transfer reactions for *0 +27A1 at
E\,(**0) =90 and 100 MeV. Reaction products have
been detected with a time-of-flight spectrometer,
allowing us to investigate the mass transfer sys-
tematics of deep-inelastic events with unit mass
resolution. Products with masses of 6 through 22
amu have been studied.

II. EXPERIMENTAL METHOD

The %0 beam of 90 and 100 MeV from the up-
graded BNL three-stage tandem facility was used
to bombard aluminum foils of 1.0 to 1.5 mg/cm?
thickness. Up to 2 pA of momentum analyzed
beam was available. Reaction products were de-
tected using a time-of-flight spectrometer!!
which employed a thin film plastic scintillator
(~40ug/cm?) start detector and surface barrier
stop detector of 300 mm? active area. A flight
path of 1 m was used.

Energy (E) and time-of-flight (T') signals were
processed using a multiplier circuit which pro-
duced a mass signal (~ET?). Two dimensional
mass-energy spectra of 256 X128 channels were
collected live using an on-line computer. Figurel
shows a typical mass-energy spectrum obtained at
6., =40° and E(**0) =100 MeV. Dead time and pile-
up corrections were made, although the total cor-
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FIG. 1. Mass-energy spectrum of %0 +27Al reaction
products at 8, =40° with E(®0) =100 MeV.

rection amounted to = 3%. Energy spectra for in-
dividual mass lines were projected and plotted as
a function of @ value assuming two-body kinemat-
ics. Corrections for energy loss in the target
were made using the tables of Northcliffe and
Schilling.'? An energy calibration was obtained
from the %0 elastic scattering and as a result no
corrections could be made for the well known!>!*
mass dependence of the calibration coefficients.
However, previous experience with this effect al-
lows us to estimate that the maximum systematic
error introduced will be everywhere less than 2
MeV for ion masses of 6 through 22. Some sample
energy spectra obtained at E(**0) =100 MeV and
0, =25° are shown in Fig. 2. Angular distributions
for product masses 6 through 22 were obtained
from 6, =5.1° to 55° at E(*0) =90 MeV and from
6,5 =10° to 65° at E(**0) =100 MeV. The angular
resolution in both cases was ~1°.

A monitor detector placed at 30° was used to ob-
tain a relative normalization of the angular distri-
butions. Absolute cross sections were obtained by
normalizing to the experimental differential evap-
oration residue cross sections of Kozub et al.'s
This procedure required a linear interpolation be-
tween the results of Ref. 15 obtained at E (*¢0) =81
and 105 MeV to our energies of 90 and 100 MeV.
The evaporation residue cross sections interpola-
ted from Ref. 15 are given in Table I. The largest
error in this procedure arises from the uncertain-
ty in measured lab angle (~+0.2°) and this is ex-
pected to introduce a +10% uncertainty in our
cross sections relative to the total fusion cross
sections of Ref. 15.

In an independent experiment at E,;(**0) =100
MeV, a surface barrier detector telescope with a
7.7 um thick first element and 500 pm thick second
element was used to measure the'®O +27Al elastic
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FIG. 2. Energy spectra for product masses 6 through
22 in terms of absolute cross section per 2.5 MeV @ bin
versus @ value. E(lGO) =100 MeV and 6, =25°.



684 T. M. CORMIER et al. 13

TABLE 1. Experimental differential cross sections
for 160+ 27Al evaporation residues interpolated from the
results of Kozub ef al. (Ref. 14).

E(1%0) (MeV) 010 (do/dQ),,, (mb/sr)
100 15 1400+ 200
9 7 4470% 300
17 990+ 50

scattering angular distribution, as well as the an-
gular distribution of carbon, nitrogen, and oxygen
reaction products. During the elastic scattering
measurements, the telescope was positioned such
that it subtended an angular range of 0.1° in the re-
action plane. Elastic scattering measurements
were made from 6,,=3° to 18° in 1° steps. The
absolute cross section scale was established by
normalizing to Rutherford scattering at ), =3°.
Uncertainties in the absolute cross section scale
arising from misalignment of beam direction at the
target, movement of the beam spot on target, and
errors in angle measurements are expected to
amount to +20%.

During the measurement of the C, N, and O an-
gular distributions, the telescope was positioned
so as to subtend +1° in the reaction plane. Data
were obtained from 6,,, =20° to 75° in 5° steps.

Both the telescope and time-of-flight experi-
ments frequently involved the detection of low en-
ergy ions. As a result, carbon contamination of
the target was a major concern. To minimize this
problem, targets were prepared from ultra-pure
(99.999%) aluminum; and during beam exposure,
the vacuum in the vicinity of the target was main-
tained between 1X107° and 3x1077 Torr. As a
check on the amount of carbon buildup that was oc-
curring, each angle measured on an aluminum tar-
get was also measured on a 10 pg/cm? *2C target.
By this precaution, plus periodically moving the
target to expose a fresh spot to the beam, we were
able to keep the contamination of our spectra by
products from '2C to a negligible level.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Energy spectra and mass distributions

Energy spectra for product masses 6 through 22
are shown in Fig. 2 plotted versus @ value calcu-
lated for a two-body final state. The abscissa is an
absolute cross section scale. The spectra are
generally bell shaped and peak at @ values ranging
from ~ - 50 to - 20 MeV with widths ranging from
10to 35 MeV. These deep-inelastic optimum @ val-
ues vary in a systematic fashion with mass trans-
fer as discussed in Sec. III2. One noteworthy fea-
ture of the mass 16 spectrum is the occurrence of

a deep-inelastic group centered at @ =—23 MeV
which is well resolved from the elastic and quasi-
elastic peaks. This deep-inelastic group is re-
solved at angles 6,,< 20°.

To obtain a mass spectrum characteristic of the
deep-inelastic transitions, we have integrated the
spectra of Fig. 2 from @ =-20 to-50 MeV. The
result is shown in Fig. 3. The most outstanding
feature of this plot is the strong enhancement of
mass 12 and mass 16. Measurements made with
an E-AE Telescope have indicated that this en-
hancement is due primarily to 2C and !°O, respec-
tively. Aside from the strong enhancement of
M =12 and 16, the mass distribution is moderately
smooth and peaks near M =13 or 14, indicating a
strong enhancement of stripping relative to pickup
reactions. Two explanations have been offered®
to account for this enhancement: (i) The optimum
@ values for few nucleon pickup and stripping are
comparable (see Sec. III 2), while ground state @
values (Q,,) for stripping are more positive by ~ 8
MeV. As a result, stripping reactions tend to pop-
ulate higher excited states than do pickup reaction.
Thus, due to the increased level density, the num-
ber of final states available to stripping reactions
is greater than the number available to pickup
channels. (ii) A second explanation for the en-
hancement of stripping is that it is only an appar-
ent enhancement due to nucleon decay of the pri-
mary fragments. The magnitude of the first effect
can be estimated in the present case using a stan-
dard Fermi gas level density expression with stan-
dard parameters'® including pairing. If we assume
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FIG. 3. Mass spectrum of all events with —50 =@ =-20
MeV at 6, =25° and E(**0) =100 MeV.
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that M =15 is predominantly !N and M =17 is pre-
dominantly ’O and if we assume that all of the ex-
citation energy resides in the heavy fragment, then
at the optimum Q value of — 35 MeV indicated in
Fig. 2, the excitation energy difference is 8.371
MeV and the level density ratio is ~3.5. This is
only a factor of ~1.6 larger than the observed en-
hancement which indicates that the enhancement of
stripping reactions is consistent with ground state
@ value differences.

Also of interest in Fig. 3 is the existence of a
weak but significant odd-even effect resulting in
the enhancement of M=14, 18, and 20 relative to
neighboring masses. The only significant deviation
from the enhancement of even masses is that M=11
appears to be too strong. One possible explanation
of the anomalously enhanced M=11 group is that a
significant portion of the mass 11 yield is the re-
sult of nucleon decay of M=12 ions in flight. This
is a reasonable assumption to make in view of the
intensity of the M=12 group. In fact, if we assume
that the odd-even effect should persist to M=10 and
11, then we can estimate that ~5-10% of the M=12
ions decay by nucleon emission in flight. We
should note in passing that if this crude estimate
is correct, then nucleon decay of the primary
fragments will not account for the observed en-
hancement of stripping reactions.

The odd-even effect seen here in the mass spec-
trum has been seen previously in 2z distributions of
deep-inelastic events for *°Ca +%°Ca,* and to a
lesser degree in “°Ar +2%*Th, > and also in the N
and Z distributions of *°Ar +Ni.> Two possibilities
are frequently cited to account for the enhance-
ment of even-A fragments: (i) The odd-even effect
of the nucleon binding energies could influence the
sequential decay of the primary fragments so as to
favor the production of even-A secondary frag-
ments. (ii) The production of even-A light frag-
ments results in the production of an associated
odd-A heavy fragment. Thus the production of an
even-A light fragment results in a higher density
of final states.

B. Deep inelastic optimum Q values

Optimum @ values (Q,,) defined as the @ value
corresponding to the largest center-of-mass cross
section at a given angle is plotted in Fig. 4 (note
the suppressed zero) as a function of mass trans-
fer to the projectile for 6,,,=25° and 40°. Also
plotted is the full width at half maximum (T yyyy)
of the distributions. The shaded regions plotted in
Fig. 4 are the @ values corresponding to particle
energies at the Coulomb barrier for tangent
spheres with ;=1.2 to 1.4 fm and R =7’o(A;1/3
+A2‘/3). Coulomb energies are calculated assuming

Z=3A.

The appearance of the @, curves is easily un-
derstood. At forward angles (e.g., 6,=25°) the
optimum Q value is determined by two purely kine-
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maximum (Tgyyy) of energy spectra of 6, =25° and 40°
plotted versus mass transfer to the projectile. The shad-
ed regions are @ values corresponding to particle energy
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matic factors'”: (i) @, should increase with the ence between the present data and similar mea-
Coulomb energy in the exit channel and (ii) Q,, surements for heavy nuclei such as *°Ar +22Th is
should become more negative symmetrically for that in the present case, particle energies are
increasing mass stripping or pickup. The latter systematically higher than the Coulomb barrier for
effect arises because each transferred nucleon tangent spheres, whereas for heavy systems the
must be accelerated to the velocity of the nucleus reverse is true. For heavy nuclei the interpreta-
in which it resides in the exit channel. The fact tion is that the exit channel Coulomb barrier at
that the first effect is a monotonic function over the scission is considerably reduced due to deforma-
range of our data while the second effect is expect- tion and neck formation. In the present data, the
ed to be symmetric with respect to AM=0 may ac- observation of particle energies 5 to 10 MeV in
count for the slight asymmetry of the Q. curve excess of the tangent sphere Coulomb barrier may
observed at 25°, reflect a residual competition with the quasielas-
The optimum @ value curve vs mass transfer for tic process.
6., =40° is more characteristic of the type expect-
ed for deep-inelastic transfer reactions. At this C. Angular distributions and total cross sections
angle we observe an almost complete damping of Sample angular distributions obtained at E(°0)
the kinetic energy of relative motion. One differ- =90 and 100 MeV are shown in Figs. 5 and 6. The
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FIG. 5. Angular distributions for selected product masses at E(®0) =90 MeV. Different 10 MeV @-value windows
are plotted separately to illustrate the flattening of the angular distributions at large inelasticity. The solid curves are
drawn to guide the eye.
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data are shown integrated over 10 MeV @-value
bins and solid lines are drawn to guide the eye.
An obvious systematic trend in the data is the flat-
tening of the angular distributions as the inelasti-
city increases. The effect is somewhat more pro-
nounced at E (**0) =100 MeV than at 90 MeV. The
systematics observed in the present case are ex-
actly analogous to those observed by Galin et al.!
for 113 MeV N +Ag, Artukh efal.? for *°Ar
+232Th, and Albrecht ef al.? for 96 MeV 'O +Ni.
The phenomenon has been identified by Wilczyn-
ski'® as the result of nuclear orbiting in frictional
collisions.

Several of the angular distributions are observed
to approach isotropy for 6_,_ = 90° and the question
arises whether there is any evidence for a com-
pound nucleus fission process. The present data
do not furnish sufficient information for 6, >90°
to resolve the question. Figure 7 shows angular
distributions for C and N and O yields obtained
with the E-AE telescope. High energy carbon
events were lost because they deposited insuffi-
cient energy in the AE detector. This figure sup-
plies data for @ values expected from fission en-
ergetics (—40 to -50 MeV) for 6., between 90°
and 120° with better statistics than were obtained
in the time-of-flight measurements. The data are
consistent with a monotonic decrease of cross sec-
tion for 6., >90° and no evidence for compound
nucleus fusion-fission is seen. A reasonable upper
limit for the total fusion-fission cross section at
E(*%0) = MeV is 0, <20 mb. This number is ob-
tained by assuming that the fission mass distribu-
tion should be symmetric and that the differential
cross section observed at 6., =90° is equal to the
fusion-fission differential cross section. A total
cross section estimate of 20 mb is obtained after
assuming a 1/sin6 angular dependence. The need
for better measurements is clearly indicated for
0.~ 90° if a more accurate limit is to be set. The
present experimental techniques become difficult
to apply, however, in the required angular range
because the particle energies become very low.

Total cross sections for all significant reactions
exclusive of fusion have been determined from our
angular distributions at E(**0) =90 and 100 MeV.

For the sake of discussion, the @ =0 to — 20 MeV
events will be termed quasielastic and the corres-
ponding total cross section is denoted o, . This
definition of the quasielastic cross section is not
completely arbitrary, since the energy spectra at
angles 6, <10° are characterized by a strong en-
hancement in the @ =0 to — 20 MeV window. The
remaining events @< — 20 MeV are termed deep
inelastic and the total cross section is denoted oy,.
The total evaporation residue cross section is de-
noted o, and the total reaction cross section is
og. Obviously

Og ZOpr +0p; + 0o + Orusiss - (1)

Total cross sections obtained by numerical inte-
gration of the data are displayed in Table II.
Error estimates include statistical errors as well
as the uncertainty in the extrapolation to 0 and
180°, but do not include the uncertainty in the ab-
solute normalization, namely the evaporation re-
sidue cross sections of Ref. 15. The evaporation
residue cross sections of Table II have been ob-
tained by interpolation of the results of Ref. 15.
The total reaction cross sections displayed in
Table II were obtained from Eq. (1) (056 =0). In
addition, for E(**0)=100 MeV, we have obtained
og from a quarter-point'®?° analysis of the elastic
scattering. The agreement obtained between the
two methods is excellent.

The maximum angular momenta associated with
0 and o, are also given in Table II. These num-
bers were obtained in the sharp cutoff approxima-
tion. In this method one writes

Opg = TA® E @i+1n71,, (2)

1=0

where T, the absorption coefficient, is taken to be

1 1s1,
T, - { : 3)
0 1>1,
Then
0 = TAX (L + 12, @)

A similar formula is used for o, and corres-
ponding cutoff angular momentum ..

TABLE II. Total cross sections and sharp cutoff ! values for evaporation residues (0py), quasielastic (0¢;), and

deep-inelastic (o)) events as defined in the text.

E(1%0) (MeV) E,(*3sc) Opr Lo O Alp, 00k o Iy
90 69.56 1025+ 200 29 £2 260+ 50 3 17035 1455 210 34+3
100 75.91 1035 200 30.5+3 48150 6.5 174+ 30 1690 210 39.3+2.5
1770200 40 2P

2 Interpolated from the results of Ref. 15.
From quarter-point analysis of elastic scattering.
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Inspection of Table II reveals that the evapora-
tion residue and quasielastic cross sections do not
change between 90 and 100 MeV and that the total
change in the reaction cross section of ~250 mb
appears in the deep-inelastic cross section. This
results in nearly doubling o, between 90 and 100
MeV. The sixth column of Table II gives Aly, the
number of partial waves contributing to o, which
is seen to sharply increase between 90 and 100
MeV.

As mentioned in Ref. 15, the [, for %0 +2"Al is
in good agreement with the predictions of the fric-
tion model of Gross and Kalinowski* (I, =32-34),
as well as the fission competition model of Plasil
and Blann®® (/,=30-33). The present results
show, however, that the fission decay mode of the
compound nucleus is negligible at the present en-
ergies (0,5 =20 mb). Plasil and Blann® calcu-
late I by assuming that o, is equal to the compound
nucleus formation cross section and [ is that an-
gular momentum which separates 0y, =0gg from
Ossiss- T hey point out, however, that compound
nucleus formation may be inhibited by entrance
channel conditions before the effects of fission
competition are observable. The negligible com-
pound nucleus fission yield indicates that such en-
trance channel conditions are operating in the pre-
sent case.

IV. CONCLUSIONS

The present work has shown that there is a re-
markable similarity in the systematics of deep-in-
elastic transfer reactions of *°0 +27Al with those of
the heaviest nuclear systems. In particular, we
have observed enhancement of stripping reactions,
enhancement of even-A fragments, and angular
distributions which approach isotropy at very neg-
ative @ values, as in studies with very heavy nu-
clei (e.g., **Ar+2®Th). Also, the systematics of
the optimum @ values vs mass transfer observed
in the present case are very similar to those ob-
served for “°Ar +2%2Th,

Another interesting aspect of our results is the
observed high rate of increase of the deep-inelas-
tic cross section with energy. It is known from
Ref. 15 that, at E(**0)=168 MeV, 0., has fallen to
860 mb. This is less than half of the anticipated
reaction cross section at that energy. It will be of
particular interest to see what part of the missing
cross section appears as o, and what appears as

ofus-ﬁss .

There is indirect experimental evidence that sig-
nificant fission competition will not be observed,
however, up to E(**0)=165 MeV. Piihlhofer and
Diamond?® have studied the energy dependence of
y-ray yields of °0 +27Al and 2°Ne +%’Al up to E (**0)
=165 MeV and E(°Ne) =206 MeV. Their results,
based on y-line shapes, are consistent with a
strong increase in direct reaction yields above
E(*%0) =100 MeV. Although it is difficult to accu-
rately estimate the compound nucleus-fission com-
ponent from their data, they do conclude that it is
probably a small fraction of the total direct reac-
tion cross section. Thus, it would appear that up
to at least E(**0) =165 MeV, that deep-inelastic
nucleon transfer reactions will be the primary
limitation to compound nucleus formation.

In addition to searching for a compound nucleus
fission component at higher energies, a study of
the optimum @ values versus mass transfer at
higher energies could be very interesting. We
have noted that in the present data at large angles
the optimum @ values are such that particle ener-
gies are 5 to 10 MeV in excess of the exit channel
Coulomb barrier, whereas for heavy nuclei, parti-
cle energies are usually significantly below the
tangent sphere Coulomb barrier. While it is pos-
sible that this difference results from a residual
competition with the quasielastic process in the
present case, it is also possible to explain it in
terms of differing liquid drop systematics of light
and heavy nuclei. It is well known from liquid drop
model calculations?* that in the fission of light nu-
clei, the neck is well developed at the saddle con-
figuration and that the passage from saddle to
scission is short. As a result, most of the final
translational kinetic energy of light nuclei is ac-
quired from post-scission Coulomb repulsion. For
heavy nuclei, no appreciable neck is expected at
the saddle configuration and the passage from sad-
dle to scission is long. This intrinsic difference
in the fission dynamics of light and heavy nuclei
could lead to a systematic variation of deep-in-
elastic optimum @ values relative to the tangent
sphere Coulomb barrier as a function of mass of
the composite system. A systematic study of @,
versus mass transfer is presently in progress for
targets between 2’Al and °°Zr.
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