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Excitation functions of the Ne + 20Ne system
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A differentially pumped windowless Ne gas target and a Ne beam produced with the
ATLAS accelerator at Argonne National Laboratory were used to measure angle-averaged exci-
tation functions for binary decay of Ne + Ne into low-lying states of Ne + Ne and Mg +

0, in the region of excitation energy in Ca from 51.4 to 58.2 MeV ( Ne beam energies from 61.8
to 75.4 MeV). The Ne + Ne mass partition displays little correlated structure and there exists
no evidence of intermediate width resonances in these channels with branching ratios comparable to
those seen in the Mg + Mg system. Angular distributions for the elastic channel are consistent
with those obtained using optical-model calculations. The excitation functions for the low-lying
channels in Mg + 0 do contain some structures, with widths varying from 400 to 800 keV in
the c.m. system.

PACS number(s): 25.70.Ef, 25.70.Hi

I. INTRODUCTION

A recent study of the spin alignment and magnetic
substate populations [1] for resonances in the inelastic
scattering of the Mg( Mg, Mg*) Mg* [2] system at
excitation energies in Cr of 59.2 and 60.65 MeV made
it possible, for the first time, to compare the actual spins
of these resonances with the calculated properties of high
spin, high excitation energy states in 4 Cr [3—8]. The
resonances are consistent with the population of quasi-
molecular high spin excited states in Cr that have large
fission partial widths. The spin assignments indicate that
the resonating partial waves are 4 units of angular mo-
mentum larger than the grazing angular momenta of two
spherical N = Z, A = 24 nuclei. Since there exist few
fission channels which can support such high spin, the
lifetime of the excited states is long, roughly ten times
longer than the transit time of the two Mg nuclei. For
each resonance, the branching ratios of the elastic and
low-lying inelastic channels of Mg + Mg sum to ap-
proximately 15' of the total width [9], much larger than
would be expected for statistical fission decay.

Theoretical calculations for these quasimolecular con-
figurations in Cr suggest that the prolate deformation
of the Mg ground state is important for the population
of molecular configurations in Cr, as these configura-
tions resemble two orbiting Mg nuclei aligned pole-to-
pole. Therefore, the phenomena that dominate the Mg
+ Mg system are "shape matching" resonances between
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the Mg + Mg entrance channel and high spin excited
states in Cr. There has been speculation [1,3,7] that
similar structures would be seen in Ne + Ne, as Ne
and Mg have comparable ground state prolate deforma-
tion. In addition, the large neutron and proton separa-
tion energies in Ca and Cr should reduce the partial
widths of the particle evaporation decay from high spin
states [7], therefore by default increasing the branching
ratios for all other available decay channels, although this
has not been verified experimentally.

Other light systems which feature even N, even Z,
N = Z so-called "alpha-particle" nuclei have been stud-
ied; namely, C + C [10,11], 0 + 0 [12], Si +

Si [13] S + s2S [14, and Ca + Ca [15]. The
Si + Si system has much structure, some of which

are present in several of the decay channels into low-

lying excitations of Si, but the spins in the Si + Si
elastic channel are comparable to the Si + Si graz-
ing angular momentum [16]. Since the ground state of

Si is not strongly deformed, this result is consistent
with the speculation that large prolate deformation is
needed to populate long-lived molecular configurations
with spins significantly larger than grazing angular mo-
mentum. Neither the S + S nor the Ca + Ca sys-
tems showed evidence of resonance structures but, again,
neither has a large ground state prolate deformation.
Much of the early work on C + C and 0 + 0
was either a series of single-angle excitation functions or
inclusive measurements with p-ray detectors. The exci-
tation functions reveal pronounced oscillatory structures,
but the structures are broad with typical lifetimes com-
parable to the transit time of the nuclei. Angle-averaged
excitation functions in the 0 + 0 system suggest that
several of the inelastic channels studied [17,18] are domi-
nated by phenomena which are different from the elastic
scattering results. Similar conclusions were obtained for
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some of the inelastic channels in the C + C system
[19]. Once again the absence of narrow structures simi-
lar to those seen in Cr is consistent with the absence
of large prolate deformation in the ground state of the
reactants. Recently Beck et al. [20] performed a series
of open channels calculations to compare the number of
exit channels available to surface grazing partial waves
for several light and medium heavy-ion collisions ranging
from C + C to S + S. This work concludes that
among the reactions studied that feature two s-d shell
nuclei, Ne + Ne is the most favorable for the obser-
vation of resonances, even more favorable than Mg +

Mg. The number of open channels for grazing partial
waves in 2 Ne + zoNe is typically an order of magni-
tude smaller than that for the Mg + Mg system for
slightly larger grazing partial waves. The Mg + Mg
system is heavier than the Ne + Ne system, which
warrants comparing the two systems at difFerent values
of the grazing angular Inomentum.

Previously there has been no comprehensive study of
the Ne + Ne system due to the difhculties inherent in
using Ne as a target and as a tunable beam. With the
ECR source serving as injector to the linear accelerator at
Argonne National Laboratory, a tunable Ne beam has
now become available. We recently constructed a differ-
entially pumped windowless Ne gas target to complete
the equipment needed to study this reaction.

A priori, it is possible that several different mass par-
titions can support decay from a given resonance config-
uration in the composite nucleus, as long as each mass
partition can support the high spin needed for decay.
Of course the fission branching ratios for difFerent bi-
nary mass partitions could differ greatly for any given
resonance. Studies that include the Si + Ne [9,21]
reaction channel indicate the decay of the molecular res-
onances in Cr into the asymmetric mass partitions Si
+ Ne and S + 0 is much smaller than the de-
cay into the mass symmetric Mg + Mg mass par-
tition. Study of correlations between different fission
channels is not restricted to Cr, as, for example, a
study of correlations between Ca(is0, 2sSi*)2sSi* and
2sSi(2sSi, 2sSi*) Si* has also been reported [22]. In the
current experiment we have studied Ne + Ne reac-
tions for binary decay into the Ne + Ne and Mg +

0 mass partitions. We have measured excitation func-
tions in 125 keV steps over a 6.8 MeV center-of-mass
energy range from 30.6 to 37.4 MeV, spanning the region
from 1.6 to 2.0 times the Ne + Ne Coulomb barrier
energy, which is the analogous region to that studied in

Cr in which the strongest resonances were observed.

II. EXPERIMENT

A windowless differentially pumped gas cell served as
the target. The isotopically enriched Ne gas was kept
at a constant pressure of 10 Torr, which for a 1 cm tar-
get length corresponds to a thickness of 12 pg/cm2. Two
large (1.9 cm by 3.8 cm) rectangular surface barrier solid
state detectors positioned on opposite sides of the beam
at 40 and 50 measured the energies of the coincident

decay fragments. Two apertures were cut into the gas
target housing in the recoil plane of the detectors, and
covered with 100 pg/cm thick YAI foils, which allowed
the fragments to exit the target region while still con-
taining the Ne gas. A typical decay fragment with an
average amount of kinetic energy lost approximately 1
MeV in the Al foils. In addition to the energy infor-
mation, the time-of-flight difference of every coincidence
event was also measured. A 1.6 mm inner diameter tanta-
lum collimator 1.27 cm in length allowed the Ne beam
to enter the target region, and in this way there was lit-
tle energy degradation of the beam prior to reaching the
target. A turbomolecular drag pump collected the Ne
gas which escaped the target region through the collima-
tor and reintroduced it (after purification it in a sorption
pump) back into the target region. This was the first
stage of a three-stage recirculation system which enabled
us to maintain stable pressure of 10 Torr in the target
region over very long time periods with a fixed amount
of circulating gas. The turbopumps were mounted di-
rectly onto the scattering chamber, and the entire appa-
ratus was very compact and could easily be transported
to other facilities. A more comprehensive description of
this target assembly will be given in a future publication.

For two body decays, the time-of-flight difference of
the decay fragments and kinematics was sufFicient to re-
construct the masses of the decay fragments, as well
as the center-of-mass angle for the scattering process.
The center-of-mass angle was derived from the quantity
cos(0, ) = a(EI, —E~) + P, where (El, —ER) is the
difference in the energies recorded by the two detectors.
The terms n and P in the calculation are independent of
EI, and E~ but are complicated functions of the target
mass, the projectile mass, the decay masses, the Q value
of the reaction, and the beam energy. In the calculation
of the center-of-mass angle, it is important to correct for
the energy losses in the Al foils. However, for the Ne
+ Ne mass partition, for center of mass angles near 90,
the energy losses are nearly identical for the two nuclei
and therefore cancel in the above calculation. For asym-
metric binary decay channels such as Mg + 0 this
is no longer the case. The solid angle of the recoil co-
incidence was calculated using a Monte Carlo technique
[23], as the spatial extent of the gas target over 1 cm in
length makes it difIicult to calculate the solid angle di-
rectly. We note here that the large volume of the target
also would have made the use of position sensitive detec-
tors ineffective, as the origin of the reaction within the
event region is not defined, and therefore position does
not define angle.

The Ne gas target was installed at the Argonne Na-
tional Laboratory ATLAS facility. ATLAS is a pulsed
beam linear accelerator and the energy definition of the
beam is less than that of a tandem accelerator. In or-
der to study the stability of the centroid and the energy
spread of the oNe beam we placed an ll pg/cm gold foil
in the adjustable target mount of an upstream scattering
chamber, along with two monitor detectors positioned at
+10 relative to the beam. Before and after each run
with the gas target we did a brief measurement of the
elastic scattering ofF the gold target. Before the measure-
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ments at Argonne, we determined the monitor detector
resolution for Mg and 0 using beams from the Uni-
versity of Pennsylvania Tandem Accelerator scattered oK
a gold target of comparable thickness, and interpolated
the expected full width at half maximum (FWHM) for
a monoenergetic Ne beam, which was found to be 185
keV for a 70 MeV Ne beam energy. At Argonne, a
typical monitor spectrum had an energy FWHM of 500
keV, about 2.7 times larger than the expected detector
resolution for a monoenergetic Ne beam, which thus
yields an estimate of the intrinsic beam energy spread
(FWHM) of 450 keV, or 225 keV in the center-of-
mass system. Based on a comparison of the gold target
elastic events done before and after each run with the

Ne target, there was little variation in the centroid or
the width of the beam energy for any of the beam ener-
gies used in this work.

We also used the gold elastic scattering measure-
ments to establish a relative energy calibration of
ATLAS and University of Pennsylvania Tandem Accel-
erator. A pulser was used to simulate the average of the
pulse heights of the monitor detector energy signals for
known beam energies of Mg and 0 beams from the
Tandem accelerator scattering oK a gold target, and the
same pulser with the same settings was then used to cal-
ibrate the Ne pulse heights after scattering oK the gold
target during the experiment at Argonne. An additional
check of the energy calibration was performed using the

Ne( Ne, 0) Mg reaction. The narrowest structure
observed in this reaction has a width (FWHM) of ap-
proximately 400 keV in the c.m. frame. We determined
the centroid energy and the width of the same resonance
in the time reversed reaction using a 30 pg/cm Mg
target and a 0 beam from the University of Pennsyl-
vania Tandem Accelerator. The centroid energy was 405
keV lower than the energy derived from the calibration of
the ATLAS accelerator, and that amount was subtracted
from all ATLAS center-of-mass energies prior to plotting
the excitation functions. For both measurements, the
resonance had nearly identical shape and width, which
suggests that 400 keV is the actual width of the struc-
ture.

III. ANALYSIS AND RESULTS

A typical time-of-flight difFerence spectrum (DT) is
shown in Fig. 1(a). Only coincidence events in which the
sum of the two coincident energy signals corresponded to
a reaction Q value greater than —30 MeV were included
in Fig. 1(a). This restriction excluded many-body decay
events in which only two of the fragments struck the de-
tectors. Each peak in Fig. 1(a) corresponds to one binary
decay configuration. The width (FWHM) of the 2oNe +

Ne partition is 580 ps. For the two strongest mass par-
titions Q-value spectra were generated by summing the
energy signals in the two detectors, and are shown in
Figs. 1(b) and 1(c). The counts in the peaks marked
with arrows in Figs. 1(b) and 1(c) were then summed,
and after proper normalization, plotted as a function of
excitation energy in 0Ca, as well as the center-of-mass
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FIG. 1. Mass partitions and Q spectra for the current work.
The 1 ns bar in 1(a) indicates one nanosecond.
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PIC. 2. Angle-averaged excitation functions of Ne +
Ne for the elastic and several inelastic channels. The x axis

is labeled with the excitation energy in Ca at the bottom
and with the entrance channel center-of-mass energy on top.
The center-of-mass angle range for the elastic channel is ap-
proximately 76' —103 . The solid curves denote the shape and
strength of a Breit-signer resonance analogous to those seen
in the Mg + Mg system. The error bars are statistical.

energy of the entrance channel. In order to reduce the
sensitivity to direct reaction contributions to the cross
section, which dominate the yield at forward angles, the
most forward angle data were excluded from the elastic
and inelastic excitation functions discussed in the cur-
rent work. Center-of-mass angles between 76 and 103
were included in the excitation function for the elastic
channel.

The excitation functions for the exit channels labeled
in Fig. 1(b) are shown in Fig. 2. The characteristic cross



S. P. BARROW et al. 51

TABLE I. Optical-model parameters for the elastic scat-
tering angular distributions.

Vp

(MeV)
38.0

&p a
(fm) (fm)
1.140 0.642

W
(MeV)
12.00

I
+p &pc

(fm) (fm) (fm)
1.166 0.659 1.20

section of the elastic channel is approximately 100 pbisr.
This value is about two times larger than the character-
istic angle-averaged elastic cross sections in the Si +

Si and S + S systems averaged over comparable
center-of-mass angle ranges, and five times larger than
the Mg + Mg nonresonant elastic cross section, for
center-of-mass energies of comparable multiplicative con-
stants times the respective Coulomb barriers. The elastic
and low-lying inelastic channels show little energy depen-
dence other than a monotonic decrease with increasing
beam energy. Higher excitations do contain some struc-
tures. To assess the significance of these structures, we
have assumed the presence of a resonance in Ca at 54.0
MeV of excitation with a total width of 300 keV in the
c.m. system and a spin of J = 32 (the calculated graz-
ing angular momemtum for Ne + Ne at this beam
energy using the parameters listed in Table I is 26), with
branching ratios into low-lying states of Ne + Ne
identical to the branching ratios in Mg + Mg. Then,
under the further assumption of incoherent superposition
on the background, we can estimate the energy depen-
dence of the cross section for a 250 keV center-of-mass
square averaging interval Ne beam spread. For the cur-
rent experiment, based on the geometry of the gas target
and the c.m. angle regions studied, the resonance would
manifest the shape and strength indicated by the solid
lines in Fig. 2. The nonresonant background in the cur-
rent work is larger than that for Mg + Mg, which
makes the signal-to-background ratio for the hypothe-
sized Breit-Wigner resonance at 54.0 MeV of excitation
less than that for the Mg + Mg resonances, and the
smoothing of the Breit-Wigner resonance cross sections
due to the energy spread of the beam further reduces
the sensitivity of this experiment. We estimate that the
current work is not sensitive to Breit-Wigner resonances
with an entrance channel partial width less than approx-
imately 1% of the total width. Therefore, we can only
state that there is no evidence of correlated resonance
structure with an elastic branching ratio greater than
1%.

For each point in the excitation function, we are able
to extract the angular distribution of the elastic chan-
nel. The angular distributions in 1 MeV steps in the
center-of-mass system are shown in Fig. 3, along with
optical-model fits using the parameters listed in Table
I. The parameters were determined by requiring good
agreement between the fits and the angular distributions
for the most forward angles. For the angular distribu-
tions at excitation energy = 55.7, 56.8, and 58.0 MeV,
two adjacent energies in the excitation function separated
by approximately 125 keV were included to improve the
statistics. The angular distributions are in qualitative
agreement with the optical-model calculations.

We are able to adjust the angle range over which
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the excitation function is averaged during playback by
putting restrictions on the kinematics of the two fission
fragments. Using this procedure, we obtained 90 +2' ex-
citation functions for the elastic channel (0+,0+) and for
single excitations to the first 2+ state in Ne (2+,0+).
The results are shown in Fig. 4(a). The elastic chan-
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FIG. 4. Excitation functions for a narrow angle range
0 =90'+2 for single excitation to the lowest lying 2+ state
in Ne + Ne (2+,0+) and for the elastic channel (0+,0+).
The x axis is labeled with the excitation energy in Ca at
the bottom and entrance channel center-of-mass energy on
top. Also shown is a 0 . .=90' optical-model calculation ex-
citation function using the same parameters as Table I, except
for TV, which has a value of 8 MeV for the calculations plotted
in this figure. The error bars are statistical.

FIG. 3. Elastic scattering angular distributions for Ne +
Ne. The excitation energy in Ca is listed to the left of

each angular distribution. The solid lines are optical-model
calculations using the parameters listed in Table I. The error
bars are statistical.
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bars are statistical.

nel results di8'er substantially from the angle-averaged
excitation functions, and show pronounced structures.
Optical-model calculations such as the one shown in
Fig. 4(b) produce similar pronounced oscillations in the
90 excitation function for very shallow complex wells
(W 8.0 MeV). The (2+,0+) excitation function for the
narrow angle range of 90 +2 shows no similar struc-
tures.

The positive-Q value of the 24Mg + ~sO mass parti-
tion makes it possible, based on optical-model calcula-
tions using the parameters listed in Table I, for this mass
partition to support as much grazing angular momentum
as the Ne + Ne entrance channel for a given Ca ex-
citation energy. It therefore is possible that these two
mass partitions are able to share decay from high spin
configurations in Ca since they are angular momentum
matched. The excitation functions for the Mg + 0
mass partition are shown in Fig. 5. There is clearly
more structure here, some of which, such as at excita-
tion energy =53.0 and 57.3 MeV, is present in several of
the low-lying excitations of Mg. More weakly corre-
lated structures are present at excitation energy =53.8,
54.8 and possibly 55.6 and 56.6 MeV. These structures
clearly demonstrate that the energy definition of the Ne
beam used in this experiment is suKciently small to ob-
serve intermediate width resonances in these excitation
functions. The positive Q-value exit channels have small
cross sections, so even if the correlated structure at 53.0
MeV were some type of resonance in Ca, the branch-
ing ratios probably still would sum to a total much less
than the 15% observed in Cr. For example, using the
quoted 1% upper limit for the elastic channel branching
ratio, then the resonance at 53.0 MeV of excitation in the
mutual ground state of the Mg + 0 mass partition
would have an exit channel branching ratio of 0.184%,

assuming J = 32. This number is similar to the branch-
ing ratios from the Cr molecular configurations into the

Si + Ne mutual ground state [9].
The elastic and inelastic scattering of the 0 + Mg

system has previously been studied extensively [24—26].
Howevei', all of the excitation functions measured were at
lower excitation energies in Ca, and were for a single
angle, which makes direct comparison with the angle av-
eraged excitation functions of the present work difBcult,
as is illustrated by comparing the angle averaged and
90'+2 excitation functions of the elastic channel for the
current work. Much structure with widths on the order
of 1 MeV has been seen in the 0 + Mg single-angle
excitation functions. There has been no previous study
of angle-averaged excitation functions for the transfer re-
action Mg( s0, 2 Ne*) Ne*.

Comparing the current work with other experiments
that studied scattering of identical N = Z even nuclei,
the results most strongly resemble those for the S + S
and Ca + Ca systems, in which no evidence of cor-
related resonance structure was observed, although the
other two measurements were sensitive to smaller elastic
branching ratios than is the current work.

IV. SUMMARY AND CONCLUSION

Based on the results of the angle-integrated excita-
tion functions, and the elastic scattering angular distribu-
tions, we conclude that quasimolecular resonances with
elastic branching ratios greater than 1% are not being
populated in the current work. The results for smaller
elastic branching ratios are inconclusive. The excitation
functions for the Ne + Ne mass partition contain no
structures common to more than one exit channel, the
angular distributions and the 90 elastic scattering exci-
tation function are consistent with optical-model calcu-
lations, and there is no evidence of partial waves larger
than the grazing angular momentum of two N = Z,
A. = 20 spherical nuclei having appreciable cross sec-
tions. However, the reaction cross sections in the cur-
rent work are larger than those seen in Mg+ Mg, and
the beam energy spread in our measurement was approx-
imately 450 keV FWHM in the laboratory system, and
either or both of these two factors could reduce our sen-
sitivity to intermediate width resonant phenomena that
possess elastic branching ratios smaller than 1%. The

Mg + 0 mass partition shows more structure, some
of which are correlated among low-lying excitations in

Mg, but the cross sections for the low-lying excitations
in this transfer channel are small.

There has been speculation that the large prolate de-
formation in Mg is important for the observation of the

Cr molecular configurations. The present work sug-
gests that large prolate deformation is not suKcient, and
that the shape matching between the Ne + Ne en-
trance channel and the high spin excited states in Ca
is not as good as that between the Mg + Mg entrance
channel and the high spin excited states in Cr. Two of
the nuclear structure models [3,5] suggest that the high
spin states in Ca do not have deformations comparable
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to the deformations of the molecular states in Cr. This
conclusion will be discussed in more detail in a future
publication, which will also include the results of studies
we made of the 28Si + 2 Ne and the 24Mg + zoNe systems.
It is interesting that the nonresonant background in the
elastic and inelastic channels is so much larger than what
was observed in Mg + Mg and the other systems in
this mass region studied to date. In a recent paper Beck
et al. [20] argued that the smaller the number of open
channels in a given system, the greater the probability
that resonance phenomena will be observed. On that
basis they predict strong resonance structure for Ne +

Ne, and our results represent a departure from this pic-
ture. The small resonant cross sections for the structures
seen in the Mg + 0 exit channels could be consistent
with a small entrance channel partial width. If this were
so, the branching ratios for the Mg + 0 exit channel
would probably sum to a few percent, which is charac-

teristic of the decay strength of the molecular resonances
in Cr into the asymmetric Si + Ne mass partition.
As of this writing there still is no indication of nuclei in
this mass region which possess strongly correlated reso-
nant structures with spins 4 units of angular momentum
larger than the grazing angular momenta values other
than in Cr.
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