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RESONANT STRUCTURES IN IIKAVY-1ON REACTIONS

S.J. Sanders*, W. llennlng, H. Ernst, D.F. Cccsaman, C. Jachcinskl. D.G. Kovar, M. Paul , and J .P. Schiffer
Argonne National Laboratory

Argonno, Illinois (!0130

An investigation of heavy-ion resonance structures
using the 2 4 Mg( l 0 O, l C)"8Si reaction is presented. The
data arc analyzed in the context of Hreit-Wigner resonances
added to a direct-reaction background.

Intro A—t ion

,12rThe interactions of heavy-ion systems such as
2 8 S and 1(iO + Mg at energies ranging from the Coulomb
barrier to several times the barrier height have been of con-
siderable recent interest because of their apparent resonance
character. With the large number of open reaction channels
and the high density of states in the compound system with
angular momenta near to that of the grazing value, it might
be expected that any possible resonances in these interactions
would have sufficiently large spreading width to be unobserv-
able. This view was supported by the analysis of Cramer et
al. of forward, angle elastic scattering data for the 1(iO +
28SI system ove:: the energy range 33 MeV«Exa[,*?15.2 MeV:
Here an energy independent optical potential was found which
could well reproduce the experimental data and which had the
properties of being strongly absorbing and having a shallow
real well depth. The first evidence that strong absorption
does not give a complete picture was found by Braun-Mun-
xinger et al. who extended to d|ab=lSO° the elastic scatter-
ing measurements of 1(iO + Si ai EiaIj=55 McV and found
that, rather than a relatively aonotonic decrease of
dc/dojjutn(8) to a value of 10 as predicted by the strong
absorption potential, the cross section ratio to Rutherford
becomes highly oscillatory near 8 = 70° and reaches a
value of dc/dCRUth «10"2 at 160°. ' Tiie far backward angle
data are found to be characterized by a 1 P^(cos 8)12 angular
dependence with angular momentum K near to that of the graz-
ing value. Subsequent excitation functions measured by Bar-
rette et a l . 3 for the 180° elastic and inelastic scattering of
16o + 28Si and 1 2C + Si showed dramatic resonance features
regularly spaced in energy and of widths T to t~l - 3 MeV.

In this paper a series of measurement i on the
Mg(16O,12C)~8Si reaction arc presented and discussed

within a resonance framework. A transfer reaction has the
advantage fur studying heavy-ion resonances that, as com-
pared to elastic and inelastic scattering, there is substanti-
ally less non-resonant background. We chose to investigate
this particular reaction for a number of reasons: as men-
tioned, the 1"C + 2fiSi channel is one in which resonance fea-
tures have been observed; the transicr reaction to the 23Si
ground- and first-excited states4'5 and a number of other
low-lying excited states'' have been investigated at forward
ar-gles and found to be well modeled by Dtt'BA calculations
and finally, some evidence0 for resonance structures have
been observed in the backward angle inelastic scattering of
1 6O to the 2+ first-excited state of J4Mg and in the
24Mg(16O,12C)28Si reaction to the first 0* and 2+ states of
*«

Experimental Methods

The data were obtained using the Argonnc FN tandem-
Van do Craaff accelerator, the iiruokhaven MP-7 tandem Van
de Oraaff accelerator, and the Argonni* FN tandem-1JNAC
booster facility. Forward angle measurements were taken tt

Argonnc where the reaction products were momentum ana-
lyzed in an Knge split-pole magnetic spectrograph and de-
tected in an ionizalion-chamber, focal-plane detector. For
measurements at and near to 0°, an Au foil was placed in
front of the detector to stop the *6O beam. The particles
passing bito the counter yielded 6E-E signals for 7. identifi-
cation. Since a spectrograph was not available at the
L1NAC booster facility at Argonnc, for these measurements
a AE-E telescope with Si (SB) detectors was used to deter-
mine the energy and Z of the reaction products. All of the
backward- angle dnta (flc. m# > 120°) were obtained at
Brookhavnn by studying the kincmalically reversed reac-
tions with 2-1Mg as the projectile and the lighter outgoing
particles detected at forward angles in the BNL-QDL1D mag-
netic spectrograph. A double-wire proportional counter was
used for position and AE-E information, and, again, for
measurements near P\a\y = 0° the detector was shielded from
the primary 24Mg beam by the use of absorber foils. The
beam energy spread resulting from the target thicknesses
was typically 300-500 keV for both the forward- and back-
ward-angle measurement. Further details of the experi-
mental techniques and the normalization procedures can be
found in references 7-10.

Results and Discussion

In Fig. 1 we snow the elastic scattering of 1CO +
at Ec. m. =27.8 MeV over the angular range 8° < oc. m.

< 180°. The cross section ratio deT/do-Ruth is found to drop
to 0. \% before rising at backward angles to 10% at 180°.
The far backward-angle data is found to be highly oscillatory
with s. spacing of the cross section maxima roughly that for
a |P{,(cos S) i 2 angular dependence with I = 20 ± 1. This
backward angle rise in the K>O + 24Mg clastic scattering
data is similar to that found in 1 2C + 2 sSi scattering3 and,
hence, in both the entrance- and exit-channel elastic scat-
tering for the 24Mg (1CO, 12C) 28Si reaction are found sim-
ilarly enhanced backward-angle yields above that expected
from a strong absorption model.
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Figure 1. Elastic scattering of 16O +



Tho two curves rihowu in Fig. 1 iiro the clastic scat-
tering predictions of optical model potentials which are
used In DWBA calculation.; for the transfer reaction. Tho
dashnd curve is derived usim? the potential ANL1 (see
Table 1) of Krskine et_al. l This potential, which success-
fully reproduces the general behavior of tho transfer re-
action data at forward angles (fle. m . < T>0°) over the energy
range 26 MeV < Ec> m # < 33 MeV for both the ground-
Btate4.7f9 and several cxcitcd-stcte trrnaitions,^ is em-
ployed in the Brcit-Wisner resonance analysis discussed
later in this paper. The solid curve in Fig. 1 shows the
elastic scattering calculated using a potential which was
fitted to forward-angle elastic-scattering data at Ec> m> =
27.8'MeV and 36.2 MeV by fixing tho well depths at the'
ANL1 values and then varying the geometric parameters.
These fitted parameters are listed in Table 1 as ANL3. Ap-
plying the ANL3 parameters to the 2<M;{(1GO, 12C)2sSi(R. s.)
transfer reaction calculations, we have found substantially
poorer agreement with experiment at 27.8 MeV, whereas
at 36.2 MeV the transfer predictions of the two potentials
are similar.

Angular distributions for the 24Mg(16O, *2C)28Sifg. s.)
reaction at Ec> m> = 27.8 MeV and 36.2 MeV are shown in
Fig. 2 for 0° 5 flc> m - S 180°. As was found for the elastic
channels, the back angle yields in the transfer reaction are
found to be strongly enhanced over that expected for a di-
rect (non-resonant) process. Typical 180° yields predicted
by DWBA calculations are one to several orders of magni-
tude less than the observed yields. Further, the backward
angle yields at both energies are well characterized by a
|P.j,(cos 0) | 2 angular dependence with i, = 20 ± 1 at Ec.m.=
87.8 MeV and I = 26 ± 1 at Ec m = 36.2 McV. We note
that, within our uncertainties,'the backward angle elastic
data Sn the 1<>O + 2<1Mg channel and the transfer data appear
to be characterized by the same dominant angular momen-
tum at E c . m. = 27.8 MeV.

«r so* iw BO* MO* «o* wr
0CM.

• Figure 2. Transfer reaction data at Ec# m . » 27.8 McV and
36.2 McV. The curves, discussed in the text, are
DWBA calculations where additional resonance
strength is added to a single partial wave (t = 20 at
Ec.m. " 2 7 -8 McV and t - 27 at E c < m . = 36.2 MeV).

How well these 24Mg(160,12C)2RSi (g.s.) angular
OstrlbutlonB can be understood In a resonance picturo is

seen by decomposing the reaction amplitude for tho reso-
nant partial wave into a sum of a. direct part, which varies
slowly with energy, and a resonant part. The cross sec-
tion for a reaction involving spin-zero particles in both the
incoming and outgoing channels is then given by

where

d<r/dfl = IZ ^ (21 + 1) P^ (cos fl) 1 (1)

1 = f + f ^
^» V "v

The resonance term in eq. 2 vanishes for t 4 -tres« ™d t h e

direct part of the amplitude f̂ ir can be approximated by a
calculated distorted wave amplitude f^-"^. Assuming an
optical potential to be used in both channels of the DWBA
calculation, this is a three parameter fit of the DWBA nor-
malization and the complex number f/fcs. The DWBA nor-
malization is most sensitive to the forward angle data,
whereas the magnitude | f £ e s | is essentially fixed by the
backward angle data. The results of this analysis applied
to the data are shown as the curves in Pig. 2.
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Figure 3. Forward-angle excitation functions for a num-
ber of the 24Mg(16O, 1 2 Q 2 s Si* reaction channels.

The relatively large magnitude of the resonance
term f j c s found at Ec# m_ = 27.8 MeV and 36.2 MeV with
respect to the non-resonant background for the transfer re-
action (as indicated by or(18O°)/a(O°) ~ 10-30tf,), suggests
that resonance effects should be observable at forward
angle* with the transfer reaction. In Fig. 3 we show ex-
citation functions7' 9» 10 of forward angle yields for several
of the well resolved states in ~uSi: the ground state (•I" =
0+), the 1.78 MeV level «*= 2+), a 6.9 MeV doublet M*•»
3" + 4+), and the D. 7 McV level {.}* = 5"). The excitation
functions of all four levels show similar, and strongly cor-
related, resonance features. These structures arc totally
unexpected from DWBA calculations. For the ground state
transition the predicted direct (IAVBA) behavior using the



ANL1 optical potential In bolh entrance and exit channels is
shown. Also shown In Fit;. 3 is the integrated yield for
6.4 MeV < Kx(Si) < 10 MeV. The peak-to-valley ratios in
this summed yield plot are greater than can be accounted
for with just Humming the (i. 9 MoV and 9. 7 MeV levels.
Angular distributions for 10° < rtc> m - <50° of the transi-
tions to the 6.9 MeV and 9.7 MeV levels are found10 to be
relatively featureless with a monoionic decrease in cross sec-
tion as a function of angle. These angular distributions arc
well fitted by DWBAcalculations using the ANLl potential.

The excitation functions shown in Fig. 3 offer the
strongest evidence yet that these cross sections are influ-
enced by true resonances of the compound system. It is
unlikely that any dynamic fas opposed to structural) effects
could result in such similar behavior for the different chan-
nels. Measurements to test whether 2JMg excited states
will show similar correlated features by studying the 28Si
(lzC,1GO)2iUg* reactions are in progress.

Figure 4. Excitation functions for the 24Mg(16O,12Q28Si
<g. 6.) reaction at 0c# m# = 0° and 180°.

Returning to the ground state transition, a possible
problem for obtaining a consistent resonant interpretation
to the lack of any strong overall correlations between the
forward and backward angle transfer data. This is shown
In Fig. 4 where we plot the 0° and 180° excitation functions
for the 24Mff(1GO, l 2 Q 2 s Si (g. a.) reaction. At Ec# m> =
27.6 MeV there arc strong peaks in both the 0° and ISO0

excitation functions, whereas at £c> m , = 30. 3 MeV there
it a peak at forward angles — but not at back-ward angles.
Although not shown, at Kc# m# = 36.2 MeV there is a strong
maximum in the 180° yield, and a dip in the 0° yield (see
ref. 9). For understanding these behaviors in a resonance
picture, we have attempted11 to parametrize the energy de-
pendence of f£C9 by a Brcit-Wigner form:

(3)

where the overall phases include the DWUA nucloar phase
(Onucl lU'd the incoming raid outgoing Coulomb phases ffjn
and aouf The additional phase <p was Iccpt fixed over the
full energy range and was trcnled as an adjustable parame-
ter. The incoming and outgoing partial widths Fj n and
Igut are expressed In terms of energy independent reduced
widths by factoring out the Coulomb and centrifugal-
barrier penetrabilities:

tnfout) 2
l yin(out)f <*)

*in(out) I

where the penetrability factor can be expressed in terms of
regular and irregular Coulomb wavefunctions as

(5)

For the present analysis the radius parameter R was taken
as 1.6 x <AJ' 3 + Aj'3) fm. The DWBA amplitudes f£>wBA
were calculated using the ANL1 potential.

In Fig. 4 and 5 we show the result of such a Breit-
Wigner fit to the transfer data with 26. 3 MeV< Ec m - £
32.4 MeV {in addition to the data shown, this fit includes
backward angle data at 27.8 and 30.8 MeV, as well as 90°
cross sections at 10 energies spanning this range). At
least two resonances must be included to reproduce the 0°
excitation function in this energy range. For this analysis,
we have assumed an I - 20 resonance at Ec - m - = 27.8 MeV.
The energy independent analysis of the full angular distri-
bution at 27.8 MeV, as discussed, indicates an I assign-
ment of between 19 and 21. The 0.c. m. ' 90° excitation

Eo-E-if7S

function^ for the reaction, however, has a strong maximum
at 27.8 MeV, which indicates an even partial wave enhance-
ment. For the second strong maximum found in the 0°
yield near 30.8 MeV, there is a minimum in the 90° excita-
tion function — which is consistent with an odd t assign-
ment — but there is also a relative minimum in the 180°
excitation function. These features can only be understood
by the interference of at least two partial waves, one even
and one odd. This is clearly seen in Fig. 4 where we plot
the results of our Breit-Wigner analysis assuming I =
20-1-22 assignments (dashed curve) and I - 20 + 23 assign-
ments (solid curve). Only with the •£. = 20 + 23 assignments
do we obtain sufficient interference from the lower energy
resonance (•£. = 20 near Ec m> = 27.8 MeV) near the higher
energy resonance (I = 23 near Ec m - = 30. S MeV) to have
a maximum in the 0° yield and a minimum in the 180° yield.
The results of the two resonance fit with -t = 20 + 23 are
also shown as compared with forward angle yields in Fig. 5.
Both the full widths f 800 kcV) and reduced widths (ym x
yout ~ 0.8 keV) for the two resonances are comparable.

One question left unanswered concerns the extended
energy dependence of the resonance structures. Naively,
one might expect that as the center-of-mass energy in-
creases the number of open channels, and, hence, the ab-
sorptiveness of the two-body optical potential would in-
crease (ignoring the surface nature of the interact
With increased absorptiveness the resonance spreading
width should also increase, resulting in broadened struc-
tures In the excitation functions. To test this, we have ex-
tended our O* excitation function for the 2lJIff(16O, 12Q28 S J
reaction to Ec> m - = 53 MeV using the Argonnc supercon-
ducting LINAC booster. These results arc shown in Fig. 6.
We find that the resonance structures do persist to the
highest energies measured with no evidence for an in-
creasing width. The structures arc also found to be re-
markably evenly spaced over the full energy range
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Figure 5. Angular distributions at a number of energies
over the range of the two-resonance fit discussed in
the text.

26 MeV< E c > m £ 53 MeV, such as would be exp»r'.ed for
a harmonic potential. F.-om our resonance analysis, how-
ever, this equal spacing must be viewed as a coincidence —
Although we found at 27. S and 30.8 MeV that the resonance
amplitude constructively interfered with the direct back-
ground, at 36.2 MeV the interference is destructive re-
sulting in a relative minimum for the 0° yield excitation
function.

Conclusions

Heavy-ion transfer reaction measurements, in com-
panionship with elastic and inelastic scattering measure-
ments, offer sensitive probes for unexpected, and apparent-
ly simple nuclear structures at very high temperatures and
angular momenta. We have shown that the general features
of the 24Mg(160, I S q ^ s i (g. s.) excitation functions at both
forward and backward angles can be understood in a con-
sistent manner by the presence of a few resonances in the
compound system. For the structures presented in this
paper we are well above (~ 15 MeV) the lowest energy level
in the compound nucleus for the measured spin,and in a
region where the density' of states is on the order of 10-* to
105 levels/McV. This contrasts markedly with similar
structures observed in the scattering of lighter systeris
such as 1 2C + 1 2C. 1 2 Although only speculations can as
offered on the origin of these structures — perhaps in real
nuclear systems there are structures related to the shape
resonances of the elastic channels — any discussion of
these structures must rest on a careful determination of
their properties.

This work was performed under the auspices of the
U. S. Department of Knergy.

0.1

24Mg( l6O. l2C)28Si(g.S.):

55

Figure 6. The excitation function for the 2 4Mg(1 60,1 2C)
23Si(g. s.) reaction. The curve is to guide the eye.

Table 1. Optical Model Potentials

ANLla>
ANL3

V
(MeV)

37
37

(fm)

1.3S
1.309

a
(fm)

0.404
0.525

W
(MeV)

78
78

Beferences

rio
(fm)

1.290
1.265

ai
(fm)

0.174
0.334

rCo
(fm)

1.2
1.2

t Present address: Physics Dept., Yale Univ., New Haven,
CT 06511.

tt Present address: Rncah Inst. of Physics, The Hebrew
Univ. of Jerusalem, Israel.
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