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Pionic Fusion of Heavy Ions
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We report the first experimental observation of the pionic fusion of two heavy ions. The
12Cs12C, 24Mgdp0 and 12Cs12C, 24Nadp1 cross sections have been measured to be208 6 38 and
182 6 84 pb, respectively, atEcm  137 MeV. This cross section for heavy-ion pion production,
at an energy just 6 MeV above the absolute energy-conservation limit, constrains possible production
mechanisms to incorporate the kinetic energy of the entire projectile-target system as well as the binding
energy gained in fusion. [S0031-9007(96)01190-8]

PACS numbers: 25.70.Jj, 13.60.Le
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Pionic fusion, the creation of a pion in a reaction fus
two nuclei, requires the concentration of the kinetic a
potential (binding) energy of the projectile-target syst
into a few degrees of freedom, namely, the rest mass
emission energy of a pion, with possible, discrete emis
energies determined by the limited number of availa
final states of the fusion product. The phenomenon
previously been observed for the3Hes3He, p1d6Li reaction
[1] and subsequently for3He-induced reactions with hea
ier targets [2,3]. Until now, it has been a matter of co
jecture whether reactions between two heavy ions wo
manifest the degree of coherence necessary for pioni
sion. By contrast, the inclusive creation of pions in hea
ion reactions at “subthreshold” energy (i.e., at an ene
per nucleon below the nucleon-nucleon pion produc
threshold) has been studied extensively (see Refs. [4]
[5] for reviews). However, low experimental efficienci
for pion detection make measurements of subnano
cross sections difficult; as a result experiments have b
limited to center-of-mass energies 100 MeV or more ab
absolute threshold [6,7]. Even at those energies, me
nisms based upon on-shell nucleon-nucleon collis
[5] could not account for the observed pion product
cross sections, and a number of cooperative or cohe
mechanisms were proposed, including “pionic bremsst
lung” [8] and statistical compound nucleus emission
pions [9,10]. To date, the application of fully quantu
mechanical models for pion production in fusion reactio
has been limited to cases in which the projectile is a pro
[11]. Motivated by the successful descriptions [12]
the p 1 p ! d 1 p1 reaction, these models usua
involve three basic ingredients: a primary nucleon-nucl
pion production mechanism, an amplitude for rescatte
this virtual pion on-shell, and a nuclear structure fo
factor describing the required spectroscopic amplitu
and the momentum distributions of the wave functio
An extension of these microscopic models to the pre
12C 1 12C reaction, which has projectile-target symme
and an isoscalar entrance channel, necessarily req
d
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at least two nucleons in the pion production amplitu
Then, in the simplest picture, one of the12C nuclei may
be excited to aT  1 state producing a virtual pion, an
the pion then rescattered on-shell from the second12C.
The pseudoscalar nature of the pion production ver
means that only unnatural-parityT  1 states of12C are
involved. Thus the cross section depends sensitively
the nuclear structure spectroscopic amplitudes for expr
ing the final states of the mass-24 product in terms of
coupling ofT  1 one-particle-one-hole unnatural-pari
states of12C to the12C ground state.

This Letter reports the first observation of heavy-ion
onic fusion. The very low center-of-mass energy relat
to threshold requires a coherent production process.
cross sections may be linked with the existing systema
of inclusive12Cs12C, p0d measurements at higher energi
[4,5]. The pionic fusion channel, in particular, provides
reference point for calculations of various proposed sta
tical or thermal production processes, since the initial c
ditions (compound nucleus mass, charge, and excita
energy) are determined by the fusion process. In ad
tion, the present restriction to an isoscalar entrance ch
nel provides a constraint on existing microscopic mode
which may lead to an understanding of the dominant
action mechanism at “subthreshold” energies.

In order to measure cross sections in the subna
barn range, wherep0-decay studies are hampered
background and efficiency considerations, and charg
pion detection is limited by spectrometer solid angle,
have chosen to detect the mass-24 fusion products o
12Cs12C, 24Mgdp0 and12Cs12C, 24Nadp1 reactions, rather
than the pions themselves. Any24Mg compound nucleus
formed without emitting a high-energy quantum, such
a pion or a bremsstrahlung photon, should decay by
cleon or cluster emission, giving a lower mass. Hig
energy photon emission can be excluded kinematically
the large momentum it transfers to the recoil. This ma
mass-24 recoils, moving with the approximate center-
mass velocity of the reaction, a reliable signature of pio
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fusion. At Ecm  137 MeV, the total energy available
only about 6 MeV above that necessary to produce a p
tive or neutral pion and the correspondingA  24 isobar
in its lowestT  1 state; thep2 channel is energeticall
forbidden.

A 12C beam ofElab  274.2 6 1.2 MeV from Chalk
River’s TASCC facility was incident on a thick, isotop
cally separated12C target,826 mgycm2 in areal density
The target was prepared with precautions to minimize c
tamination, baked in a vacuum oven, and stored and tr
ferred in an inert atmosphere. With the assumption
maximum-energy 6 MeV pion emitted transversely a
with allowance for multiple scattering in the target,
24Na and24Mg products recoil within 1± of the beam axis
We therefore aligned the Chalk River Q3D spectrom
[13] at ulab  0± and collimated its entrance with a c
cular aperture of 1 msr solid angle, corresponding
cone of 1± half angle. The main carbon beam was stop
and current integrated on a beam block positioned in
the spectrometer’s magnet box; additional cleanup of s
tered beam was provided by a scraper paddle further
the spectrometer. Ions with the appropriate moment
to-charge ratio were deflected to the spectrometer’s f
plane and registered in a heavy-ion counter [14]. The
layer of the detector was an avalanche counter oper
at 10 Torr and providing timing and position informatio
The avalanche counter was built in two halves, with a d
region between them reducing the total detector efficie
to 94%. This layer was followed by a second gas volu
at about 200 Torr, which contained proportional wires
determination of energy loss and position, an ioniza
chamber volume to measure residual energy, and final
anticoincidence region to reject events arising from i
(mainly scattered or degraded beam particles), failin
stop in theE detector. Events electronically imitatin
mass-24 recoil signals, such as several ions reachin
counter at nearly the same time, were largely elimina
by timing, pileup rejection, and anticoincidence requ
ments. A more severe problem was presented by gen
24Na and24Mg ions formed in reactions with heavier-tha
carbon target contaminants (chiefly oxygen); their p
ence necessitated a detailed examination of backgr
yields. The momentum calibration was obtained from
position signals produced with a 138 MeV24Mg beam
for various spectrometer magnetic fields. The charge-
distributions for 120 to 150 MeV24Mg ions exiting a car
bon target were explicitly measured (more than half w
fully stripped) and the results extrapolated for sodiu
Since the momentum acceptance of the focal plane d
tor spanned about 4.7%, four spectrometer field sett
were needed to cover the momentum range in the vic
of the beam momentum for mass-24 ions of charge 11
12, and data from7500 mC of 12C61 beam ions were co
lected at each setting.

The Galilean-invariant yields for24Na and 24Mg are
shown as a function of velocity in the upper and low
panels, respectively, of Fig. 1. The spectra are not b
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FIG. 1. Galilean-invariant cross sections as a function
recoil velocity, obtained from the thick-target data, for t
reactions12Cs12C, 24Nad (top panel) and12Cs12C, 24Mgd (bottom
panel) atEcm  137 MeV. For consistency, data are binne
by position on the spectrometer focal plane, rather than
analyzed velocity. The double-headed arrows indicate
possible range of recoil velocity distributions from thep1 (top)
and p0 (bottom) pionic fusion reactions. The shaded regio
represent the measuredA  24 yields from the 12C 1 16O
reaction, scaled to represent the background due to oxy
contamination of the target; the dotted line is an alternat
background determination based on25Mg yields. The solid
curves represent one possible calculated line shape, illustra
the expected width. See text for details and line-sh
calculation.

ground subtracted but are corrected for dead time and
tector efficiency. The expected widths of the veloc
distributions, the calibration uncertainties, resolution
fects, energy-loss straggling in the target, and the p
sible range of beam energies combine to determine
“allowed” velocity ranges for pionic fusion residues (ind
cated by the double-ended arrows), over which the y
is integrated to obtain the gross cross sections listed in
first column of Table I.

Note the nonzero yields outside of the “allowed” velo
ity ranges, especially the rise in yield toward velocities w
below the center-of-mass velocity of the12C-12C system.
Such an increase at low velocity would be characteri
of evaporation residues from fusion reactions with tar
contaminants heavier than carbon. Analysis of the ta
composition by the ERD technique [15] revealed the pr
ence of oxygen contamination at the 1% level and a sma
amount of aluminum contamination. To obtain the spec
shape of the background due to oxygen, the major conta
nant, within the allowed velocity region, we have me
sured the16Os12C, 24Nad and 16Os12C, 24Mgd yields from
a 150 mgycm2 MoO2 target. We then obtained the24Na
and24Mg background levels by normalizing the23Na and
23Mg yields from the oxygen reaction to those from the c
bon target, where the main source of mass-23 ions is c
tamination. (Single-nucleon emission from the12C 1 12C
reaction would cause theA  23 residue to recoil out-
side the region of velocity space allowed for pionic fusi
2409
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TABLE I. Gross, background, and background-subtracted cross sections for the12Cs12C, 24Mgd and 12Cs12C, 24Nad reactions with
thick (826 mgycm2) and thin (486 mgycm2) targets atEcm  137 MeV in the region of “allowed” recoil velocities for pionic fu-
sion. Also listed is the subthreshold (Ecm  130 MeV) thin-target measurement for the12Cs12C, 24Mgd reaction.

Measurement Counts sgross spbd sbkgd spbd snet spbd
24Mg (thick) 98 397(40) 166(25) 231(47)
24Na (thick) 68 353(43) 126(22) 227(48)
24Mg (thin) 58 329(43) 163(46) 166(63)
24Na (thin) 7 159(82) 136(38) 23(90)
24Mg (subthreshold) 14 279(90) 220(62) 59(109
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residues.) The resulting background levels are indica
by shading in Fig. 1. Their shape is that of the oxyg
contaminant products, but their yield, from the normali
tion to mass-23 carbon-target products, represents thto-
tal contaminant product cross section for24Na and24Mg.
The background cross sections, integrated over the s
velocity range as the carbon-target data, are listed in
table and used in the determination of the net yields
the pionic fusion process. The background cross sect
obtained are consistent with those interpolated from
mass-24 yield on each side of the “allowed” region.

With decreasing velocities, the carbon-target data
parently rise even more steeply than the oxygen-ta
background measurement. Heavier contaminants, suc
aluminum, produce mass-24 residues more readily t
oxygen does, and would give such a low-velocity rise,
these products have little impact in the velocity range
pionic fusion residues, since their distributions are pea
at even lower velocities than those from oxygen conta
nation. We have made a third independent backgro
assessment based on the shape of the25Mg spectrum,
which samples all the heavier-than-carbon contamin
on our carbon target. When normalized to the mass
yields at yrecoil  0.103c, below the allowed velocity
range for pionic fusion residues, the backgrounds obta
by this method (dotted lines in the figure) agree with
24Na and24Mg oxygen background measurements lis
in the table to within 30 pb. The consistency between
three independent background evaluations demonst
that the contaminant effects are quantitatively underst
and confirms the reliability of the background-subtrac
cross sections.

The shape of the recoil velocity distribution carri
information about the kinematics of the emitted pio
The well-known forward-backward peaking observed
12Cs12C, p0d reactions at higher energies [16] should co
bine with the phase-space preference for higher emis
energies to produce a depletion in recoil yield at the cen
of-mass velocity. The primary distribution of recoil v
locities resulting from full-energy pion emission (i.e.,
the lowestT  1 state) and a cosine-squared pion angu
distribution as measured in the3Hes3He, p1d6Li reaction
[1] is plotted in the top panel of Fig. 2. The line sha
expected after energy loss for24Mg recoils produced ove
an 826 mgycm2 range of target thickness and smeared
straggling, resolution effects, and final-state gamma
2410
d

-

e
e
r

ns
e

-
et
as
n
t
f
d

i-
d

ts
4

emission is drawn as a heavy dashed line; for this ta
thickness the depleted velocity region is filled in. T
line shape for a thinner target (solid line) retains its cen
valley.

To search experimentally for the kinematic signature
the pionic fusion process, additional measurements w
made with thinner,486 mgycm2 targets. Their sum is
shown in the lower half of Fig. 2, illustrating the chara
teristic depletion in24Mg yield at the center-of-mass ve
locity. The cross section for the thin-target measureme
are listed in Table I. The24Mg results are in agreemen
with thick-target data, but the24Na yields, for which only
one low-statistics experiment is available, are inconc
sive. The net cross section expected on the basis of
thick-target data (227 pb) should have a total uncerta
of 6198 pb, indicating that our actual experimental res
of 23 6 90 pb has little statistical significance. The resu
does, however, lower the weighted average cross sec
by some 20% relative to the thick-target data alone,
should therefore not be ignored in the averaging.

The radiative capture reaction (fusion followed b
emission of gamma rays only) could also contribu
24Mg ions at these velocities. It was therefore decid
d
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FIG. 2. Top panel: Velocity line shape expected for pio
fusion residues assuming a cos2 u pion angular distribution
(dotted line). Broadening effects are shown for target thi
nesses of486 mgycm2 (solid line) and826 mgycm2 (dashed
line). Bottom panel: As Fig. 1, but for12Cs12C, 24Mgd thin-
target data.
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to use the same target to measure the24Mg yield at
Ecm  130 MeV, which is just below the absolute thres
old for the 12Cs12C, 24MgfT  1gdp0 reaction. At this
energy, the radiative capture cross section should
essentially unchanged, but pionic fusion is forbidd
The background-subtracted cross section is59 6 109 pb,
which is consistent with zero (within half a standard
viation) and inconsistent (by 1.4 standard deviations) w
the average above-threshold cross section. With this
of experimental uncertainty, the radiative capture pro
cannot be conclusively eliminated on the basis of our d
however, a number of additional factors argue agains
such as the shape of the thin-target velocity distribut
the kinematic exclusion of single-photon emission,
the relative improbability of multiple high-energy phot
emission (statistical-model calculations [17] are 3 ord
of magnitude lower than the measured cross sectio
Furthermore, radiative capture is not a possible sourc
24Na ions.

To assess the significance of the cross sections in t
of overall heavy-ion pion production, it is necessary
know what other pionic exit channels are open.
the p1 channel, the only final states allowed by ene
conservation involve particle-stable levels in24Na. The
12Cs12C, 24Nadp1 yield of 182 6 84 pb, averaged from
the thick-target and thin-target measurements, there
represents the entirep1 cross section. (Because of t
disparity between the measurements, we follow the c
mon practice of inflating the uncertainty on the mean b
factor of

p
x2yNF .) Thep0 channel has a larger ener

range for allowed final states in24Mg, but the upper half o
this range is particle unbound. A more detailed accoun
of the specificT  1 levels available, their particle deca
widths, and phase-space factors indicates that abou
the 24Mg residues produced in thep0 reactions survive
This, together with the expected isospin relationship for
p1 and p0 channels and the effect of the Coulomb b
rier onp1 decay, should result in a mass-24 residue y
that is comparable for the two pion channels. The ave
measured12Cs12C, 24Mgd cross section of208 6 38 pb is
therefore consistent with this estimate. Extrapolation
the inclusivep0 production systematics [4,5] to lower e
ergy should be reliable to within a factor of 2 or 3 and gi
500 pb for our reaction. The measured cross section,
resenting about half the inclusive yield, is in agreem
with these systematics. The impact of the experime
results on some of the currently available models is il
trated below.

(i) Standard heavy-ion particle-production models (e
Ref. [5]), based on incoherent summation of on-s
nucleon-nucleon collisions, are appropriate at higher e
gies, but severely underpredict our near-threshold res

(ii) The pionic bremsstrahlung model [8] requir
Ecm $ mpc2 1 ECoul, since the relatively gentle de
celeration from the Coulomb barrier (about 10 MeV
12C 1 12C) should not contribute to pion productio
With Ecm ø mpc2, the present pionic fusion reactio
e
.

el
s
;

t,
,

s
).
f

s

r

re

-

g

lf

e

e

f

p-
t
l

-

,
l
r-
.

would not have sufficient kinetic energy to produce pio
bremsstrahlung after Coulomb deceleration.

(iii) A test of various thermal and statistical mode
[9,10] should also be possible with pionic fusion data. F
inclusive pion production, the thermal approach depe
on models of reaction dynamics to define the size
excitation of the emitting volume; for pionic fusion, the
quantities are known. Furthermore, with a two-body e
channel, the pion emission energy is defined by the kno
low-lying T  1 states in the final nucleus.

(iv) Microscopic models [11,18] require theT  0
target or projectile to be excited to aT  1 particle-hole
state; experimental observation of pions in the pres
reaction necessitate at least two nucleons in the p
production amplitude. In addition, pionic fusion of tw
heavy ions pushes the models further off shell than
proton-induced reactions.

In summary, the 12Cs12C, 24Mgdp0 and
12Cs12C, 24Nadp1 cross sections have been measured
be 208 6 38 and 182 6 84 pb, respectively, atEcm 
137 MeV. This constitutes the first observation of t
pionic fusion of two heavy ions. It also provides a low
energy measurement, just 6 MeV above absolute thresh
for the extensive heavy-ionp0 production systematics
which had only been studied previously at energies m
than 100 MeV above threshold. Our measuremen
appreciable yields so near threshold will require mod
to incorporate coherent mechanisms for pion productio
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