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Direct measurements of («,p) reactions of astrophysical interest with radioactive beams presents serious
challenges because of the difficult nature of helium targets and the typical low intensities of the beams. To
address this, a new technique has been developed for measurements of low-energy («, p) reactions with heavy
ion beams using an extended “He gas target and a newly developed gas recirculating system. The system was
used to measure the “He(*°F, 'H)**Ne reaction as a demonstration. Excitation functions of the F(a, p)**Ne
and '°F(a, p')*2Ne* reactions were successfully measured to show the viability of this technique. Details of the

approach and future plans are given.

1. Introduction

The ap-process, which consists of a series of alternating (a. p) and
(p.y) reactions, plays a crucial role in understanding the synthesis of
heavy elements in X-ray bursts [1,2]. The process provides a bridge
between reactions in the CNO cycle and those in the rp-process which
synthesizes heavy elements up to the Sn—Sb-Te region within an out-
burst lasting ~10 s [3]. Most of the important (a. p) reactions, however,
have never been experimentally determined in the laboratory because
of the need for radioactive heavy ion beams bombarding helium targets
in inverse kinematics.

There are only a few previous direct measurements of such (a.p)
reactions with radioactive heavy ion beams [4-7]. These studies, how-
ever, utilized *He gas cell targets with thick solid windows containing
the gas. For instance, a 2.0 mg/cm’-thick nickel foil was used to
confine 500 mbar (~375 Torr) *He gas in the reaction target chamber
in Ref. [4]. At the low beam energies relevant for astrophysical (a, p)
reactions, this causes significant energy loss and straggling of the beam
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particles, seriously degrading the energy resolution of the measurement.
Moreover, the events of interest are difficult to distinguish from high
background rates produced by reactions on the windows. To avoid
these types of backgrounds and to provide the necessary sensitivities,
improved techniques need to be developed to study («,p) reactions
with radioactive beams. In recent « scattering measurements performed
in inverse kinematics, a very large thick target method was used to
circumvent the problems [8,9]. In our approach, a heavy ion beam
impinges on a windowless pure gas target, enabling high sensitivities
for measurements with radioactive ion beams.

Our novel technique is based on using a differentially pumped win-
dowless gas target [10]. The approach was first used with H, gas to study
the properties of the 183 keV resonance in the 70(p, «)'*N reaction
which is important for understanding nucleosynthesis in giant stars and
nova explosions. With hydrogen gas at pressures up to 4 Torr, this
approach was proven to be very useful for the measurement of narrow
resonances in (p, a) reactions: the resonance energy, resonance strength,
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Fig. 1. A schematic diagram of the experimental setup is shown. Recoiling
protons from the reaction were detected by an annular silicon strip detector
array which was configured in a AE — E telescope mode. The unreacted '°F beam
particles passed through the center of the array and impinged on a 50 pg/cm?-
thick carbon foil for beam current normalization. See text for more details.

and the upper limit on the total width of the level of interest were
precisely determined. In the present work, this approach was extended
to helium gas and combined with a newly developed gas recirculation
system to measure the 1°F(a, p)?2Ne reaction in inverse kinematics. The
reaction was chosen since it has been previously measured [11-13] with
a beams.

2. Experimental setup

The 9F(a, p)?2Ne reaction was measured at the Holifield Radioac-
tive Ion Beam Facility (HRIBF) at Oak Ridge National Laboratory
(ORNL) [14] in inverse kinematics by bombarding low-energy beams
of 1%F from the HRIBF tandem accelerator with an typical intensity
of ~300 epA on a large scattering chamber filled with *He gas at
pressures of up to 9 Torr. A schematic illustration of the experimental
setup is shown in Fig. 1. The gas in the chamber served as a spatially
extended target for the (a, p) reaction. The gas pressure at the reaction
target chamber was continuously monitored by using a MKS absolute
capacitance Baratron manometer rated to 1 mTorr accuracy. The pres-
sure was regulated to better than +3% during the runs. A vacuum of
~10~® Torr upstream of the chamber could be achieved by employing
the differential pumping system which was originally designed for a
windowless gas target system developed at HRIBF for capture reaction
measurements [15] and was later modified for use with a large silicon
detector array in the gas [10].
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A collimating aperture with a 5 mm diameter hole was used at
the entrance of the reaction target chamber as a differential pumping
aperture for the *He gas (Fig. 1). This aperture was sufficiently wide to
pass the ~ few mm wide beams typically produced by the HRIBF tandem.
Four differentially pumped chambers were used to pump out residual
gas upstream of the target as described in Ref. [10]. Roots mechanical
pumps were used at the first differential pumping stage, which is located
just upstream of the target chamber, in order to reduce the pressure
to few tens of mTorr. The pressure was then further reduced at the
other stages of the pumping system by using turbomolecular pumps.
The beamline pressure of ~10~% Torr could be achieved within ~30 cm
by this differential pumping system.

The collected *He gas molecules at various pumping stages were
injected into a newly built gas recirculator (Fig. 2) to be purified and sent
back into the reaction target chamber. The recirculator was developed
to reduce the gas usage when light gas molecules such as hydrogen and
helium are used at the extended gas target system. Both left and right
sections of the recirculator are composed of three manual valves (“in”,
“out”, and “to vacuum”) and a zeolite filter as shown in the figure. The
“to vacuum” valves are used to open one section of the recirculator to
the regenerator pump, an Ebara A10S multi-stage dry pump. One side of
the system can be isolated from the other, which allows the continuous
using of one side for gas recirculation while the other side is being
regenerated. A residual gas analyzer was used to check the purity of
the *He gas, with values typically greater than 99.99% during a run
of 3-4 h. The gas volume was flushed between the runs to ensure the
highest level purity.

Recoiling protons from the *He(!°F,'H)*2Ne reaction populating
both the ground and first excited 22Ne states were detected with a large
area annular silicon strip detector array, SIDAR [16]. By combining thin
(100 pm-thick, AE) and thick (1000 pm-thick, E) detectors, SIDAR was
configured in a AE-E telescope mode for particle identification. SIDAR
was placed approximately 152 mm from the entrance of the chamber.
To block the majority of elastically scattered « particles at large angles
(O, > 70°, O < 40°), a hollow cylinder (Fig. 1) was installed at the
center of the array. The unreacted '°F beam particles passed through the
center of the array and impinged on a 50 pg/cm?-thick carbon foil before
striking the beam stop. Some 1F particles were scattered off the carbon
target and detected with two silicon surface barrier detectors mounted
at the end of the target chamber for the beam current normalization.

3. Data analysis and results

The 19F(a, p)*2Ne and 1°F(a, p')?*2Ne* reactions were studied using
I9F beams at 20 different beam energies ranging over Ep.,, =
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Fig. 2. The schematic of the gas recirculating system is shown.
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Fig. 3. (Color online) A typical particle identification plot obtained from a AE-E
telescope is shown. The events falling in the blue and red gates were identified
as protons from the (a, p) and («, p') reactions, respectively. The range of AE in
each gate arises from the range of reaction angles included. The beam energy
was 12 MeV. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

11.55-12.12 MeV. Protons from the (a,p) and (a,p’) reactions were
identified by the SIDAR. A typical particle identification plot is shown
in Fig. 3. The events falling in the blue and red gates were identified
as protons from the («, p) and (a, p’) reactions, respectively. A state in
the compound nucleus 2°Na (the '°F + « system) can decay into the
ground state of the 22Ne nucleus via the (a, p) channel or the first excited
state at E, = 1.274 MeV via the (a, p’) channel. Two reaction channels
are clearly separated in the particle identification plot (Fig. 3) owing to
different reaction Q-values.

The total energy of each event in the proton gate was reconstructed
by summing the energies deposited in the AE and E layers of the
silicon detector array. The energy response of each silicon strip was first
calibrated with an a-emitting radioactive source 244Ccm (5.805 MeV).
Proton beams at the energies of 4- and 7-MeV scattering off of a 19 Au
target were also used for energy calibration. By assuming elastic scat-
tering and the measured detector geometry, the energy offset of each
analog-to-digital convertor (ADC) channel could be obtained as well.

The total energy of each identified proton was then processed event
by event for reconstruction of the reaction vertex. From the conservation
of energy and momentum, the energy of proton (E,) was calculated
as [17]

(mym, E)'72 cos 0 + [mym, Eycos20 + (my +m)myQ + (my — my)E)| '

E\2
P my +m
Y p

where E, is the beam energy, O is the reaction Q-value, m,, my and my
are the masses of the proton, beam (19F) and the heavy recoil from the
reaction (22Ne), respectively, and ¢ is the angle between the beam axis
and the path of the detected proton. Since the solution with minus sign
only appears at extremely low incident beam energies, the equation was
solved for cos 0 using the plus sign:

A
VEE,
Two reaction specific constants A and B are defined as
1

2 (my +mp) ,/mxmp’

B=my +m,.

cosl =

|B*E, — B (myQ + (my —my) Ey)] .

A=

An example of reconstructed angle versus calibrated proton energy plot
is shown in Fig. 4, which was obtained at E}.,, = 12 MeV. The right and
left curves represent the events from the (a, p) and (a, p’) channel of the
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Fig. 4. (Color online) The reconstructed angle versus energy plot obtained at
Epeam = 12 MeV is shown. The right and left curves represent the events from
the (a, p) and (a, p’) channel of the reaction, respectively.
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Fig. 5. (Color online) The reaction yield versus the distance from the reaction
vertex to the plane of SIDAR plot is shown for E;.,, = 11.76 MeV (dotted black
curve) and 11.82 MeV (solid red curve) for the (a, p’) channel.

reaction, respectively. The angles were then used to obtain the reaction
vertex of each identified event. An example of the reconstructed reaction
vertex obtained at two different beam energies (E, = 11.76- and 11.82-
MeV) for the excited state (a, p’) channel is shown in Fig. 5. At these
beam energies, an energy level in >Na located at E, = 12.485 MeV
(E. . = 2.020 MeV) was populated.

The excitation functions for the °F(a, p)*?Ne and 'F(a, p')??Ne*
reactions were then calculated by using the yield and the solid angle
covered by SIDAR at each reaction vertex, the number of beam particles
incident on the target during the run, and the number of target atoms
deduced from the “He gas pressure. The results are shown in Fig. 6.
The top and bottom panels show the excitation functions obtained at
various beam energies for the 19F(a, p')?*Ne* and '°F(a, p)?2Ne reaction
channels, respectively. Two energy levels in 23Na located at E,, =
2020 + 3 keV and 2075 + 2 keV were observed in multiple beam
energies, where the uncertainties represent the standard deviations of
the excitation energy distributions obtained at 12 (E, = 11.61-, 11.64-,
11.67-, 11.70-, 11.73-, 11.76-, 11.78-, 11.79-, 11.82-, 11.85-, 11.88-,
and 11.88-MeV) and 7 (E, = 11.97-, 12.00-, 12.03-, 12.06-, 12.09-,
12.12, 12.15-MeV) beam energies, respectively. The level at E,, =
1997 keV was only observed at the beam energy of 11.55 MeV. Since the
cross section of the (a, p) channel is about one order of magnitude lower
than that of the («, p’) channel at this energy range, the 1997 keV level
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Fig. 6. (Color online) The excitation functions obtained at various beam

energies for the "*F(a, p')*?Ne* (top) and '°F(a, p)*’Ne (bottom) reactions are
shown.

was not observed in the present '°F(a, p)*2Ne reaction channel. The
contributions of natural line width, beam energy spread, and resolutions
in energy and angle to the total widths of the peaks were estimated to
be about 10 keV in the center of mass energy. Our results support those
from the previous work by Cseh et al. [12], where the 23Na energy levels
were extensively studied by using « beams and a thick target method.
In Ref. [12], many energy levels including the ones at E, = 2.446 and
2.515 MeV (E. ,, = 2.020 and 2.077 MeV, respectively) were reported
with uncertainties of about 3-5 keV.

The new technique will be used to measure astrophysically-
important (a. p) reactions using radioactive beams at modern facilities.
The 8Ne(a, p)2!Na reaction is an example. The reaction is believed
to provide the breakout from the hot CNO cycles, fueling the rp-
process [18]. Despite of many previous works on the 18Ne(a, p)21Na
reaction such as Refs. [4,19,20], the reaction rate at stellar temperature
is still uncertain to some extent due to the lack of experimental data.
By using this technique and short lived 18Ne beams (1, 2 =167253), a
better estimation of the astrophysical 18Ne(a, p)2! Na reaction rate can
be obtained.

4. Conclusion

A new technique was developed to provide a sensitive approach
for measuring astrophysical (a,p) reactions in inverse kinematics. A
differentially pumped windowless gas target, gas recirculator, and large
area silicon strip detector array were used to study the 19F(a, p)22Ne
and °F(a, p')*2Ne* reactions with low-energy 1°F beams. A newly de-
veloped gas recirculating system was used to reduce the gas consump-
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tion at the target chamber while keeping a very high purity of the target.
Various beam energies in the range of Ep.,, = 11.55-12.12 MeV at
the typical intensities of ~300 epA were used to bombard with the *He
gas target kept at pressures of up to 9 Torr. Recoiling protons from
the («, p) and (a, p’) reactions were detected by a silicon strip detector
array located in the extended gas target chamber. By reconstructing the
reaction vertex event-by-event, the excitation functions of the reactions
could be obtained.

Two *Na energy levels located at E., = 2020 + 3 keV and
2075 + 2 keV were observed from the present work, which shows good
agreement with a previously reported study by Cseh et al. [12]. Since
the viability of this technique is clearly shown through the present
work, we are planning to apply this experimental method to measure
astrophysically-important (e, p) reactions such as 18Ne(a, p)*!Na using
radioactive heavy ion beams at modern accelerator facilities.
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