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Abstract. A program of study of the reaction mechanisms of exotic “halo” nuclei at energies near the Coulomb
barrier is described. The unique opportunities presented by the ReA3 reaccelerated beam facility at the NSCL,
coupled with an active-target time projection chamber (AT-TPC), will be fully exploited in this program. An
approximately half-scale “prototype” AT-TPC has been constructed and is currently undergoing tests. This device
has recently been installed on theinSol [1] beam line at the University of Notre Dame, and preliminary results

of reaction studies using a low-enertjye beam are reported.

1 Introduction

The active-target time-projection chamber (AT-TPC) [2] is
a dual-functionality device capable of measuring all re-
action products generated in inverse kinematics reactions
with sufficient resolution to determine the momentum trans-
fer of the reaction. It consists of a large gas-filled chamber,
installed in an external solenoidal magnetic field, which si-
multaneously plays the roles of traditional active target and

time projection chamber. The operating pressure of the ga ig. 1. Conceptual design for the AT-TPC. The active volume is
can range from 0.01-1.0 atm depending on the needs o 70 cm in diameter by 120 cm in length, and is surrounded by a

the experimental program. This allows the chamber con- g5jenoid [5] having a central field strength of 2 T. The provision
ditions to be adjusted based upon the energy of the recoiltor 5 solid target is illustrated.

that must be measured, allowing straggling phenomena to
provide the only resolution limitation. The design concept
(Fig. 1) also includes the possibility of studying reactions with unprecedented resolution in such a low energy exper-
with solid targets. iment. All reaction channels can be measured together and
The AT-TPC, when coupled to the ReA3 reaccelerator with a very high diciency. This is an important feature
at the NSCL[3], provides an ideal instrument for study- since a complete description of the fusion of exotic “halo”
ing fusion reactions. The detector can be operated with, nuclei requires an in-depth understanding of all the impor-
e.g., Ar as both the target and detection medium allowing tant coupled reaction channels of these weakly-bound sys-
the tracks, momenta, energy loss, and particle species otems. In addition, the most interesting reactions to study
charged particles to be directly measured. In a fusion event,agre often those induced by very exotic (hence very weak)
the recoil energy of the fusion productis low so it will stop peams.
after a very short path, too small to determine its charac-
teristics by the trace alone. However the recoil energy can
be determined quite precisely after amplification by a Mi-
cromegas device [4], with an estimated resolution of 2%
FWHM. Thus the momentum transfer can be directly de-
termined even if the re|ationship between the energy andln recent years, studies of the reactions of “halo” nuclei
the momentum is smeared out by particle evaporation, angsuch as’He and®B have revealed some interesting ef-
so the contribution of “incomplete fusion” can be straight- fects not seen for more “normal” projectiles (even weakly-
forwardly assessed. Simulations have also demonstratedbound systems such &sLi). One of the earliest of these
that the AT-TPC will allow the characteristics of elastic Was a study of the fusion of the two-neutron-halo nucleus

scattering and transféareakup reactions to be determined °He with ?°Bi at near- and sub-barrier energies [6]. This
experiment, carried out with radiochemical techniques, re-

@ g-mail:Kolata.1@nd.edu vealed a rather large enhancement of the fusion cross sec-
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] continuum states in the target and residual nucleus, which
] is not readily available for theHe+2%°Bi or ®He+238U sys-
] tems. Studies of the much-simpler one-neutron-halo nu-
— cleus''Be are highly desirable. Some work has already
] been done on thEBe+2°9Bi system and no anomalous ef-

fects were observed [18,19].

A significant amount of work has also been done on
the reactions of the “proton-halo” nucletB. In particu-
lar, the Coulomb breakup 6B on®8Ni has been measured
at a sub-barrier energy [20]. The results were analyzed by
Esbensen and Bertsch [21]. It was found that the standard,
éirst-order Coulex calculation under the usual "pointlike”
assumption did not reproduce the experimental data. In-
stead, it was necessary to account for the extended size
of the valence proton wavefunction of the projectile. The
tion below the barrier as predicteglg., by Dasso and Vit-  center of mass and the center of charge of the projectile
turi [7]. This result has been criticized in light of the possi- cannot be taken to be the same for proton-halo nuclei and
ble role played by “incomplete fusion” and particle transfer the "pointlike” approximation does not hold. In semiclas-
(discussed further below) in complicating the analysis of sical terms, the Coulomb-induced breakup cross section
the experiment. Furthermore, a studyPbiie+238U fusion, at small impact parameter is reduced due to the penetra-
using a fission “trigger”, concluded that fusion was not en- tion of the system inside the valence proton orbital. A fur-
hanced [8]. (However, there were only two below-barrier ther reduction is provided by “Coulomb polarization” of
points, with large error bars, in this work). As a result, the ®B. The halo wavefunction has #igient time to adjust to
question of enhanced sub-barrier fusion, and particularly the proximity of the>®Ni target. Therefore, the proton is
the efect of projectile breakup on the fusion probability, more likely to be found at a larger distance from the tar-
remain controversial. get, partially shielded from its full Coulomb field by the

Several follow-up experiments to tAele+2%°Bi fusion "Be core. Finally, it was found that direct proton transfer
study revealed additional interestinjexts. A veryintense  is also suppressed by Coulomb polarization. The results
a-particle group resulting from breakup godtransfer in of this calculation [21] agree rather well with the experi-
this system was observed [9] and shown to be consistentmental data. However, a very interestingjeet predicted
with the total reaction cross section obtained from an anal- by this calculation could not be verified because the fate of
ysis of elastic-scattering angular distributions [10]. The con-the outgoing proton was not determined in the experiment
tributions of one-neutron transfer [11] and two-neutron trang20]. Specifically, Coulomb polarization results in the pro-
fer [12] were measured using neutron-coincidence tech-ton being preferentially emitted in the backward direction
niques. Two-neutron transfer is particularly interesting sincerelative to the’Be core [22]. The AT-TPC has the capa-
it was shown [12] to occur to neutron-unbound states in the bility to directly measure proton emission in t@+4CAr
final nucleus. A similar conclusion was reached in a recent system and thereby test this prediction.
work [13]. It should be noted that, while neutron trans- Recently, the total reaction cross section $8r-58Ni
fer could be construed as a sort of “incomplete fusion”, has been determined from elastic-scattering measurements
the observed total reaction cross section [10] leaves little at several energies near to and below the Coulomb barrier,
room for other such processes, suchvgsarticle transfer.  and compared with those for tABe core [23]. The strik-
The ®He+238U fusion experiment had to be corrected for ingly large cross sections observed ff (Fig. 2) are a
“transfer-fission” [8], but the radiochemical experiment[6] direct result of the proton halo state. Of particular interest
was insensitive to reaction products resulting from neutron is the relationship between the total reaction cross section
transfer. Finally, direct projectile breakup was studied [14] and the integrated breakup yield from Ref. [20] which is
and shown to be consistent with a coupled-channels calcushown as the square point in Fig. 2. The red curve (dot-
lation [15] assuming a 50% reduction in the B(E1) com- dot-dashed) in this figure is an extension of the continuum-
puted from a puréHe+2n cluster configuration, in agree- discretized coupled-channels (CDCC) calculations of Nunes,
ment with previous work [16] at much higher energies. Tostevin, and Thompson [24, 25] carried out by T.L. Belyaeva

On the basis of the observations above it might be con-[26]. These calculations agree very well with the experi-
cluded that the reaction mechanisms of neutron-halo nu-mental data at the one energy that has been measured and
clei near the Coulomb barrier are now well understood, illustrate the expected excitation function for proton breakup.
apart perhaps from the discrepancy in the sub-barrier fu-The dot-dash curve in the figure shows the total reaction
sion probability. However, the “fly in the ointment” is the cross section for théBe core, scaled to remove the geo-
fact that the theoretical study of two-neutron halo systems metrical and charge fierences between tfBe+°8Ni and
is quite complicated, requiring 4-body coupled-channels 8B+°8Ni systems [27]. The sum of these two (the solid
[17] analysis. As a result, most such work is done with curve in Fig. 2) reproduces the obserf&d->8Ni data re-
cluster models which, as noted above, do not capture allmarkably well. The conclusion is that the total reaction
of the physics of the system. Furthermore, calculations of cross sections for this system can be represented as a sum
transfer to unbound states require detailed knowledge ofof proton breakup plus the interactions of fie core[28].
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Fig. 2. Total reaction and breakup cross sections®®r+ 58Ni.
The various curves represent calculations that are discussed in th
text.
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Thisleaves little room for proton transfer, as expected from i L
semiclassical arguments based on Coulomb polarization i ]
of the halo wavefunction. This is veryftirent from the
SHe case, where the same Coulomb polarization argument
leads to the conclusion that the neutrons should be prefer-
entially located between tH#de core and the target, thus
leading to an increased probability for neutron transfer as
observed [12]. The proton transfer cross sectiofBar*CAr
measured with the AT-TPC could be used to verify this ex- ol Ldel
peCtation. 06 08 1 1é T2 1s 18 2
The dashed curve in Fig. 2 is the prediction for fu- Reduced
sion of®B+%8Ni obtained from a barrier penetration model. Fig. 3. Reduced total reaction cross sections for a number of sys-
The parameters of the model {\ 20.8 MeV,%iw = 4.4  tems, taken from the literature. (See Ref. [33])
MeV, R, = 8.9 fm) were obtained from the real part of
the Sao Paulo potential [29] that fits the elastic-scattering 2
data, plus the Coulomb potential (see Ref. [23] for details). i
They are in good agreement with those obtained from well- BSbeam .
known empirical formulas [30,31]. Attempts have been - ‘ ' ‘ ‘ it -
made to measure this fusion yield. The compound system . /\ . i-ﬂ;?
is the drip-line nucleu&®As, which decays predominantly . 6364,
by three-proton evaporation. Unfortunately, this signature 10 \ / | * S
was swamped in previous work by background from pro- :
tons in the incident beam. However, very recently it has *
been measured using"¥Ni target. Remarkably, it turns
out that the fusion cross section can be related to that for

B5+Ni [4]
"Be+Ni [4]
OLi+**Ni 4]
“Li+*zn 3]
%0+%zn (3]
Li+%zn 3]
%Be+®zn(3) | o
*Li+*cofs) |
Li+*Co [5]
CHe+"%Bi 6]
x e zn[7]

> o > = o

OReduced

v 4«

5He+2%9Bi using an empirical formula for the maximum 20 \/ \/
angular momentum for fusion [32]. The compound system
for 8B+*0Ar is not as exotic, but the fusion signature in Wb

the AT-TPC is unique and the resolution should b#isu
cient to separate complete from incomplete fusion. It will
be very interesting to investigate the target dependence ofFig. 4. Trace simulation of 8B paticle at 25 MeV in Ar gas at
the breakup yield and itsfiect on the excitation function  0.05 atm.
for fusion.
Finally, it has recently been shown [33] that the “re-

duced” total reaction cross sections for the proton-halo nu-after a very short path, too small to determine its charac-
cleus®B and the two-neutron-halo nucletide follow iden- teristics by the trace alone. However the recoil energy can
tical trajectories as a function of the reduced energy, de-be determined quite precisely. Recent measurements of the
spite diferences in the structure, binding energy, and reac-charge resolution after amplification by a Micromegas de-
tion mechanisms of these systems. The reduced cross sedice [4] gave anr-particle resolution of 2% FWHM.
tion is the total reaction cross section divided b dd The following parameters were used for the break-up
the reduced energy is the cm energy divided hywhere: event :’Be at 25 degrees=45 degrees, and £ 15 MeV.

The recoil energy of°Ar was 1 MeV. The proton had an

X

R= A+ AL (1) energy of 0.5 MeV and was emitted at 120 degrees in the
center-of-momentum frame. As in the fusion case, the re-
coiling Ar has a low energy and will stop after a ver

Vo = ZpZr /[AY3 + AV, ) g 9y b y

short path, but the recoil energy can be determined quite
Here, Z, and 4 are the atomic numbers of the projectile precisely with a resolution of 2% FWHM [4]. The proton
and target. This is illustrated in Fig. 3. The AT-TPC could trackis clearly visible and its properties can easily be mea-
be used to see if this systematic extends to systems involv-sured.
ing other halo nuclei. The simulations discussed above have shown that the
AT-TPC will allow the characteristics of elastic scattering,
fusion, and transf@oreakup reactions to be determined with
3 Simulations of AT-TPC Data unprecedented resolution in such a low energy experiment.
All reaction channels can be measured together and with a
Properties of théB+*°Ar reaction occurring in the AT-  very high dficiency. Beams with intensities up to4§?
TPC have been simulated. Three types of events have beenan be tolerated, based on the drift time in the counter gas.
considered: (a) a beam eveing,, no reaction of theincom-  However, it appears very likely that the experimental pro-
ing particle (Fig. 4), (b) a fusion event (Figs. 5 and 6) and grams can be carried out at beam intensities of only 1x10
(c) a break-up event (Figs. 7 and 8). In the fusion event, s or less, because of the additional flexibility and capa-
the recoil energy of the fusion productis low so it will stop bilities of the AT-TPC. This is important since the most
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Fig. 5. Trace simulation of a fusion event &8 with “°Ar.
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Fig. 6. Zoom of figure 5.
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Fig. 7. A break-up event ofB into "Be, with one proton emitted
at 120 degrees and tABe at 25 degrees.
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Fig. 8. A zoom of the reaction region of figure 7.
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Fig. 9. The prototype AT-TPC

interesting reactions to study are often those induced by
very exotic (hence very weak) beams.

4 The Prototype AT-TPC

As a first step towards implementation of the AT-TPC, an
approximately one-half scale version has been implemented
(Fig. 9). The Micromegas board is shown in Fig. 10. The
central pad has a diameter of 5 mm. This pad is surrounded
by 58 coaxial rings with a width of 2 mm. The first five
rings (r< 13 mm) are divided into 8 sectors, while the
outer rings are divided into 4 sectors. This device has re-
cently been commissioned in a runTatinSol using a 14-
MeV ®He beam. (There was no solenoid surrounding the
detector). Since there is a limit on the total count rate of
the beam that can be tolerated, it was necessary to de-
velop a high-purity, low energ§He beam, as shown in
Fig. 11. This beam was produced using a 29 M&V
primary beam incident on a gas cell containfitfat 1.5
atm. The cross section at this energy is large compared
with that at the lower energy required to directly produce a
14 MeV ®He beam. The resulting radioactive beam was
passed through a 5.5 nog? CH, foil at the crossover
point between the two solenoids. This foil reduces the beam
energy to 14 MeV and also purifies it viafidirential en-
ergy loss. In this experiment, the prototype AT-TPC was
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beams, of the order of #(articles per second, that will
be available for the most exotic systems.

A commissioning and physics run with a prototype of
this detector has very recently been carried out aTtia-
Sol facility at Notre Dame. Though the data have not yet
been analyzed, initial on-line surveys have shown a wide
variety of interesting events. Further studies with additional
radioactive beams are planned.

Fig. 11. A “clean” ®He beam at 14 MeV. Contaminants tfle (at
2.9% of the®He intensity) andH (at 1.4% of théHe intensity)
are visible.
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