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The use of the gas-filled magnet technique for the detection of intermediate mass (A~ 20-40) recoil
nuclei produced in (p,o) reactions in inverse kinematics has been investigated. Through a series of
calibration measurements with 27Al, ?829Si and 33S beams the optimum parameterization for
calculating the average charge-state distribution in a gas-filled magnet has been determined.
By measuring the magnetic rigidity, the time-of-flight and the differential energy loss of the particles
at the focal plane of a gas-filled Enge Split Pole spectrograph it was possible to separate and identify the
(p,o) reaction products from elastically scattered particles at very small scattering angles. This
technique was then tested by measuring the p(*>S,2°P)a and p(3”K,>Cl)o reactions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

With the advent of radioactive ion beams many new questions
in nuclear structure and nuclear astrophysics can be addressed.
When compared to measurements with stable beams, however,
experiments induced by radioactive beams suffer from three
difficulties: (1) low beam intensities, (2) large kinematic shifts,
which occur through the use of inverse reaction kinematics (i.e.,
heavier beams bombarding lighter targets), and (3) contaminants
from neighboring elements or isotopes which are often present in
radioactive ion beams (so-called ‘cocktail beams’). To eliminate
some of these difficulties next-generation radioactive beam facil-
ities with higher beam intensities are being built and new
spectrometers optimized for inverse kinematic reactions have
been developed. This paper describes a method to address the
difficulties that arise by using ‘cocktail beams’, through the
identification of the heavy reaction products and beam compo-
nents with respect to mass and/or nuclear charge at very small
scattering angles.
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The use of inverse kinematics in studies with radioactive beams
results in the beam-like reaction products being emitted at small
angles. For some studies, such as measurements of (p,o) reactions,
these products need to be separated from more abundant scattered
beam particles. In experiments involving beams up to about mass 20
(e.g., p(*"Fo)'0 [1]), where the opening angles for the beam-like
particles are 0y,, > 6.5°, Si-strip detectors can be used for detecting
and identifying the outgoing particles. However, in experiments
involving heavier beams (e.g., *He(**Ti,p)*’V [2]), the opening angles
are smaller and recoil separators have to be employed. While this
technique provides excellent mass and Z-identification the fact that
only one charge state could be measured in the focal plane reduced
the detection efficiency by a factor of about 5. In the intermediate-
mass regime, A~ 20—40, a new technique has been developed to
address this challenge which is the subject of this paper.

Reactions in the intermediate-mass region are of interest to
nuclear astrophysics for studies of novae and X-ray bursts (XRB),
thermonuclear explosions occurring on the surfaces of white
dwarf and neutron stars, respectively. Specifically in XRBs, the
nuclear flow is driven by the triple-a reaction, the rapid proton
capture process (rp-process) and the op-process toward the
proton-drip line [3]. The ap-process, which occurs in the
A~ 20-40 region, is strongly temperature dependent due to the
large Coulomb barriers involved. As a result, the cross sections
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and the related reaction rates can have a large effect on nucleo-
synthesis in XRBs as shown in a recent sensitivity study [4].
Specifically, (a,p) reactions on intermediate-mass waiting points
(e.g., 2>Mg, 25Si, 39S, and 34Ar) may significantly affect XRB
nucleosynthesis and the resulting light curves [5]. However, these
reactions have not been studied extensively in the laboratory,
since beams of these short-lived nuclei with sufficient intensity
are not yet available. In order to measure these reaction rates (or
to get at an upper limit) we have started measurements of the
time-inverse (p,o) reactions on 2°Al, 2°P, 33Cl, and 3’K using
radioactive beams and have thus developed a method to address
the challenges involved in these types of experiments.

These secondary 2°Al, 2°P, 33Cl, and 37K beams are produced
via the (d,n) reaction at the ATLAS In-Flight facility by bombard-
ing a deuterium gas targets with stable beams of 2*Mg, 28si, 32,
and 3®Ar, respectively [6]. These secondary beams, however, can
have considerable contaminations from the stable primary beams
and it is necessary to measure the outgoing o particles in
coincidence with the residual heavy nuclei (e.g., 3*Ar for the
37K(p,o)**Ar reaction [7]). As maximum emission angles of the
heavy beam-like nuclei are approximately 2.7°-3.1°, Si strip
detectors cannot be employed. We have, therefore, studied the
possibility of using a magnetic spectrometer operating in the so-
called gas-filled magnet (GFM) mode for detecting the medium-
mass recoil particles at very small scattering angles. In order to
test this technique we have first used beams of stable nuclei (*’Al,
28295j and 33S). The 33S beam was then used for a first measure-
ment of the p(33S,0)2°P reaction, followed by a similar experiment
with a low-intensity radioactive 37K beam.

The principle of the GFM technique will be described in Section 2.
The split-pole spectrograph and its focal plane detector system which
have been used in these experiments are explained in Section 3. The
results obtained with medium mass ion beams are presented in
Section 3. Possible applications for a study of deep-inelastic reactions
and a summary are given in Sections 4 and 5, respectively.

2. The gas-filled magnet technique

The GFM technique was originally developed by Fulmer and
Cohen [8,9] for the separation of fission fragments and further
refined by Armbruster and collaborators [10-12]. It has been used
in studies of heavy element production [13-16], for isobar
separation in accelerator mass spectrometry [17-20], in sub-
barrier fusion reactions in direct and inverse kinematics
[21-23], and for the identification of light ions in (p,a) reactions
[24]. In the present work we apply the GFM method for the first
time to the identification of medium mass ions in measurements
of (p,o) reactions of astrophysical interest.

Ions of mass m and velocity v passing through a target foil
emerge with a distribution of ionic charge states g [25]. In
vacuum these ions move in a magnetic field on circular trajec-
tories whose radii p are given by the expression:

mv

where q is the charge state of the ion, B is the strength of the
magnetic field and e is the elementary charge. Hence, nuclei of the
same atomic number Z, mass number A and energy E but with
different charge states q will follow different trajectories which are
spatially distributed at the focal plane as shown in Fig. 1(a). If the
magnetic field region is filled with a gas at low pressure
(~10Torr), the incident ions collide with the gas atoms along
their trajectories, causing the charge state of the ions to fluctuate
due to electron capture and loss processes. If the number of
collisions is high enough ( > 10%, depending on the gas pressure

a MAGNETIC FIELD
REGION
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Fig. 1. Schematic illustration of the trajectories followed by nuclei of the same Z, A
and E but different charge states g in a magnetic field region: (a) in vacuum;
(b) filled with gas. In vacuum, ions with different charge states will have different
radii of curvature. In a gas-filled region, the ions will have curvatures p controlled
by the mean charge state g and the average velocity . Taken from Ref. [27].

and the collision cross sections), the average trajectory is deter-
mined by a mean charge state ¢ and an average velocity 7.
Therefore, the particles will follow a trajectory with a radius p,
given by Bp = mv//(qe), as is schematically represented in Fig. 1(b).
Various semi-empirical parameterizations have been derived for
the calculation of ¢ which are summarized in Refs. [25,26] and are
discussed in more detail in Section 3.1. If particles with similar
velocities enter the magnetic field, the average charge state q is in
first order given by q ocv/Z* with o ~ 0.4. Thus, a gas-filled magnet
disperses these particles in the focal plane according to m/z%4. lons
with different atomic numbers Z have different path lengths and
specific energy losses which results in a different time-of-flight
between target and focal plane detector. In a plot of time-of-flight
vs magnetic rigidity these different ions end up in different ‘islands’
as shown, e.g., in Fig. 4 of Ref. [24].

For the detection of the heavy recoils from (p,a) reactions in
inverse-kinematics the GFM method provides two advantages.
All charge states of the same nuclear species converge into one
group at the focal plane, thus increasing the detection efficiency
which is essential for low-intensity radioactive beam experiments.
Moreover, the magnetic rigidities of the beam particles and some of
the heavy reaction products of interest are sufficiently different to
result in a spatial separation of both groups in the focal plane.
Therefore, through a proper selection of the magnetic field and/or
partial shielding of the focal plane it is possible to focus the reaction
products of interest onto the focal plane without detecting the beam
particles, thereby avoiding prohibitively high counting rates.

A schematic of the setup used in the (p,o) experiments is
shown in Fig. 2. The o particles from the (p,a) reaction are
detected in an annular Si strip detector whose front side is
divided into concentric rings and mounted coaxially with the
beam, so that the azimuthal symmetry of the reaction can be
exploited. The correlated heavy reaction products emitted at
forward angles are detected in coincidence with these o particles
using the gas-filled spectrograph. Since the incident beam has to
pass through a pressure foil at the entrance of the magnet the
beam intensity has to be kept below 107 particles/s in order to
avoid breakage.
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Fig. 2. A schematic of the experimental setup.

3. Test experiments with medium mass nuclei

The experiments described below were performed at the
ATLAS facility at Argonne National Laboratory. An Enge
split-pole magnetic spectrograph filled with N, gas at pressures
between 10 and 20 Torr was used to momentum analyze the
heavy residual nuclei at forward angles. While hydrogen or
helium would have been a better choice for the gas-filled magnet
due to their lower charge, safety concerns, the need of higher
pressures and the existing cryo and sorption pumping system at
the spectrograph prevented the use of these gases.

Although not originally built as a gas-filled recoil separator the
split-pole spectrograph is, due to its moderate dispersion, very
well suited for the separation and detection of heavy ions. The
spectrograph has a maximum solid angle of ~ 5 msr and accepts
particles in the angular range 60 = + 3.85°. In the focal plane the
particles are detected by a hybrid x-y-position sensitive detector
system. It consists of a 5-cm thick x-y-position sensitive Parallel-
Grid Avalanche Counter (PGAC) filled with isobutane at a pressure
of 3-5 Torr [21] followed by a 30 cm deep multi-anode lonization
Chamber (IC) which is separated from the PGAC by a 6.25 um
mylar foil and filled with CF4. The active area of the focal plane
counter is 10 x 48 cm?. Because of the large area of the window
separating the IC from the PGAC the pressure in the IC has to be
kept below 20 Torr. In addition to the x-y position information
the PGAC provides also a fast timing signal which, together with
the signal from the pulsed beam allows a determination of the
time-of-flight from the target to the focal plane. The electric field
in the IC is perpendicular to the path of the incoming particle,
which minimizes the drift time of the electrons and ions. The
anode is subdivided in several strips allowing us to measure
multiple AE signals for additional particle identification. This
detector system has been used in the past for measurements of
evaporation residues from heavy-ion induced fusion reactions
[21] and more details of the detector can be found in this
reference.

3.1. GFM calibration runs

In order to obtain a better understanding of the energy and
Z-dependence of the average charge state q, a series of calibration
runs were performed by bombarding a Au target with ion
beams of 27Al, 28Si and 2°Si at E=10 MeV/nucleon and detecting

elastically scattered particles at 0}, = 2°. The results of these test
runs were then compared to simulations carried out with the
code RAYTRACE-GFM [27-29] which calculates the transport of ions in
a gaseous medium. The mean values of focal-plane positions X
and time-of-flights TOF as function of the field strength B
obtained for the three beams are shown in Fig. 3(a) by the open
and full symbols, respectively. The solid, dashed and dotted lines
exhibit the results of the ravrrace-cfm calculations which are
discussed below.

The ravtrACE-GFM code calculates trajectories of heavy ions
traveling through different types of ion-optical devices (dipoles,
multipoles, electrostatic deflectors, velocity filters, solenoids, etc.)
when filled with low-pressure gas. For our case, using the detailed
configuration of the magnetic field regions of the Enge split-pole
spectrograph, the trajectories are calculated [17] by integrating
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Fig. 3. Mean values of focal-plane position (open symbols, left scale) and time-of-
flight distributions (solid symbols, right scale) plotted as a function of the
magnetic field. Experimental results (symbols) and calculations (solid, dashed
and dotted lines) are presented for three different beams: 2’Al (squares and solid
line), 28Si (circles and dotted line) and 2°Si (triangles and dashed line). Panels
(a)-(c) correspond to calculations done using the Betz, Schiwietz and Dmitriev
charge state distributions, respectively.



J.M. Figueira et al. / Nuclear Instruments and Methods in Physics Research A 670 (2012) 32-39 35

the equation of motion of the ions:

d(thv) _qBxv-EY

dxv’
The simulation of the ion-gas interaction process is performed
with a standard Monte Carlo method, using a Gaussian-shaped
equilibrium charge-state distribution:

q-9°
F, — _
q dmexp< zdz ) (3)

where ¢ is the average charge state and d is the standard
deviation of the distribution.

Different semi-empirical parameterizations for ¢ and d can be
chosen for the calculations. Among them are

(i) the Betz parameterization [25,30,31]

5
1-Cexp <A(U/Z+°)>} (4)

d=dZ" (5)

where C=1, A=0.555, 6 =1.175, y=0.607, d; =0.27 and w=0.5
are parameters evaluated from experimental data in nitrogen gas
and vo=2.19 x 10° m/s is the Bohr velocity;

(ii) the Dmitriev-Nikolaev parameterization [32]

— [log((v/ve)Z* /my)
q=2 log(n,Z2*)

7=z

(6)

d=dz% (7)

with oy =04, 03 =0.3, m; =0.41,n; =7,d; =0.32 and w=0.45 in
nitrogen gas; and
(iii) the Schiwietz parameterization [33]

376x+x6

1=2 1238 1206505 + 690X 1 1

®)

with

x= (U/Uozfo,szzg&(?fom7z*° 52v/v0)1 +0.4/Z )

and

0.7

d=
Z_O’z7Zg£35_O'OOOQZf(a)f(Z*a)

(10)

with

fx)=+/(x+0372%%)/x. (11)

The last parameterization has recently been incorporated into the
code for experiments with medium-mass nuclei.

The lines in Fig. 3 are ravTraci-Grm calculations of X and TOF, for
27Al (solid), 28Si (dotted) and 2°Si (dashed). Panels (a)-(c) corre-
spond to the Betz, Schiwietz and Dmitriev models for the charge
state distributions. As can be seen from Fig. 3 the calculations
using the Betz and Schiwietz parameterizations are in very good
agreement with the experimental results, while the calculations
of both X and TOF for the Dmitriev parameterization are system-
atically shifted to smaller values. It must be noted, however that
the validity of the Dmitriev model covers only the range
0.3 <q/Z<0.9 [32] which translates to a region in projectile
velocity equivalent to 2.6 <v/vg<13. At the bombarding
energies used in this calibration run (10 MeV/nucleon) the pro-
jectile velocity is v/vo = 20. At these velocities Eq. (6) gives for
27A1 q/Z =1.05, i.e., an unphysical value. In Eq. (1), this g leads to
a lower radius and, hence, the mean value of the focal-plane
position X is shifted towards smaller values. The Betz and
Schiwietz parameterizations are valid in the range v/vyxz 1
[25,33] which includes the velocities used in this experiment.

@® Experiment
-+ - Betz
250 + Schiwietz -
- - - -Dmitriev
200 +
z
§ 150}
>
[€a)
100 +
50 +
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Fig. 4. X distributions, in gas-filled magnet mode, of 23Si particles elastically
scattered on a '97Au target at 0=2°, E=10MeV/nucleon, P=15Torr and
B=10.782 KkG. The full symbols are the experimental spectrum, while the dotted,
solid and dashed lines correspond to calculations using the Betz, Schiwietz and
Dmitriev charge state distributions, respectively. The distributions were normal-
ized to have the same number of counts as the experimental spectrum. Only the
width obtained with the Schiwietz charge state distribution agrees with the data.

A closer inspection of Fig. 3 shows that the centroids in the X and
TOF distributions, in particular the overlap between the 27Al and
29Si data, are better described by the Betz parameterization. For
that reason we have chosen this parameterization (given by Eq. (4))
for g in the ravirAcE-GFM calculations explained below.

Another important input for the RayTRACE-GFM calculations are
the variances of the X and TOF parameters. Since no rebunching
resonator was used in these experiments a variance, g, of 1 ns was
assumed for the width of the time distribution. The width of the X
distribution is dominated by the width of the g distribution which
can be calculated from the parameters d in Egs. (5), (7) and (10).
A comparison of the experimental data for 28Si with the predic-
tions of Betz, Dimitriev and Schiwietz is shown in Fig. 4. In this
comparison it has to be kept in mind that the widths depend on
many parameters, e.g., the stopping gas, the type of ion, etc.
A detailed comparison of the various formulas is beyond the
scope of this paper. However, for the ions studied in this work the
parameterization of Schiwietz gives the best agreement with the
experimental data and is therefore adopted in the subsequent
analysis.

Fig. 5 shows a comparison of the experimental results for the
two-dimensional spectra of TOF vs X and the predictions from
RAYTRACE-GFM using the Betz parameterization for the mean charge
state ¢ and the Schiwietz parameterization for the width para-
meter d (Betz-Schiwietz model), for the 27Al, 28Si and 2°Si beams.
With the exception of the tails towards longer flight times in the
experimental spectrum, which are caused by the finite TOF
acceptance of the accelerator, good agreement with the theore-
tical predictions is obtained.

3.2. Study of the 33S(p,a)*°P reaction with a stable *>S beam

After these calibration runs with 2’Al, 28Si and 2°Si beams the
p(33S,2°P)a reaction was studied, using a stable 33S beam incident
on a 360 pg/cm? CH, target. Fig. 6 shows the kinematic correla-
tion between detection angle and energy of the o particles and
the 3°P reaction products calculated for a 33S bombarding energy
of 179 MeV. Because of the choice of inverse kinematics the
kinematic curves have both a low and a high energy solution at
each angle. Small center-of-mass angles correspond to the high-
energy part of the heavy recoils (i.e., to the low-energy solution



36 J.M. Figueira et al. / Nuclear Instruments and Methods in Physics Research A 670 (2012) 32-39

a
90+ 1
i .
E=280MeV
=10:782 kG
85+ 1
«
£
23
@] 290 MeV
= 0.566 kG
80+ 1
“Al
E = 270 MeV.
B =11.602 kG
9% b Model: Betz-Schiwietz
. 85r 1
wn
R
=
o
H
80+ 1
60 70 80 90 100

X (em)

Fig. 5. (Color online) Scatter plots of events in the TOF vs X plane for 27Al, 28Si
and 2°Si ions detected in the gas-filled split-pole spectrograph. Panel (a): super-
position of three experimental spectra, taken from 2’Al, 28Si and 2°Si elastically
scattered from a '9’Au target at 0=2°, E=10MeV/nucleon, P=15 Torr and
B=11.602, 10.782 and 10.566 kG, respectively. Panel (b): ravTRACE-GFM calculations
using the Betz parameterization for the mean charge state g and the Schiwietz
parameterization for the width parameter d (model Betz-Schiwietz), for the same
particle groups and the same conditions as in panel (a). The calculations reproduce
the separation along the focal plane and the time of flight obtained
experimentally.

for the o’s). As can be seen from Fig. 6, the o particles are
restricted to a cone with an opening angle of ~ 24°, while the
heavy reaction products 3°P are more forward peaked with
a maximum angle of ~ 3.1°. The acceptance limits of the annular
Si-detector and the split-pole spectrograph are indicated by the
solid and dashed horizontal lines, respectively. Since the intensity
of the stable 3S beam exceeded 107 particles/s, the spectrograph
was moved away from 0° and the majority of the 33S beam was
stopped before the entrance foil of the GFM. The angular range
covered with the GFM was 6, =0.5°—3.5°. Within the accep-
tance range of the Si detector, 0, =7.9°—23.4°, the energies of
the corresponding 3°P particles range from 136.6 to 166.8 MeV.
With this information rayTRACE-GFM calculations were performed in
order to predict where the 3°P reaction products and the elasti-
cally scattered 33S particles would appear in the focal plane. Due
to a problem with the time-to-amplitude converter no TOF signal
was available during this run. Since the focal plane detector in the
spectrograph can also provide an energy-loss signal from the
ionization chamber we have calculated a spectrum of AE vs X
(Fig. 7(b)). An experimental spectrum of the same parameters is
shown in Fig. 7(a). This spectrum is found to be in good agree-
ment with the raytrace-cFm predictions. Requiring a coincidence
between a Si detector event, a GFM event and restricting the

130 140 150 160 170
. A " E(*He) vs 6(*He) bottom scale
I e EC°P) vs 0(*°P) top scale ]
20 i

Hlab (deg)
o
DSSD

Fig. 6. Kinematic relations between detection angle and energy for the products
of the p(>3$,3°P)a. reaction at a bombarding energy of 179 MeV. Acceptance limits
of the DSSD and PGAC are indicated by the solid and dashed horizontal lines,
respectively.

particles to the 3°P region in Fig. 7(b) in the off-line analysis
produces the spectrum shown in Fig. 8 for an incident energy of
179 MeV. The solid line is the kinematic curve for population of
the ground state, while the three subsequent dotted lines repre-
sent transitions to the first three excited states in 3°P. The events
corresponding to the ground state transition of the 33S(p,o)*°P
reaction are clearly identified. This result confirms that the GFM
technique presented here can be applied successfully to the
identification of (p,x) reaction in the mass 20-40 range. The
vertical lines at low energies in Fig. 8 correspond to inelastic
excitations of 33S from the p(*3S,p)*3S’ reaction which are present
as a background in Fig. 7(b). From these spectra angular distribu-
tions of the o particles can be obtained, which, after integration,
result in cross sections of the 33S(p,a)*°P reaction [34].

3.3. Study of the 37K(p,o)**Ar reaction with a radioactive 3K beam

Following this ‘proof of principle’ test of the GFM technique
with a stable 33S beam a similar measurement of the 37K(p,o)>*Ar
reaction with a radioactive 37K (t; 2 =1.22 s) beam was performed.
The secondary beam was produced via the d(*®Ar,>’K)n reaction by
bombarding a cryogenically cooled gas cell filled with 1.4 atm of
deuterium with a 360-MeV beam of 3°Ar obtained from the ATLAS
accelerator [6]. The 37K particles were separated from the primary
36Ar beam using a 22° bending magnet which was set to transport
the 37K+ ions to the target. The majority of the fully stripped
primary beam 3°Ar'®* has a higher magnetic rigidity and is
therefore not transmitted. However, energy-degraded 36Ar'®+ ions
will fall into the acceptance window of the bending magnet and
will also be transported to the target, although with a different
time of flight. In order to eliminate some of these background
events, an RF-sweeper has been installed in the beam line [35]. The
RF phase was set to let the particles of interest 37K'®+ pass through
the RF-sweeper while the slower 3®Ar'®+ ions experience a vertical
deflection and are stopped on a pair of slits located downstream of
the sweeper. The intensity of the radioactive beam on target was
typically 5 x 10* 37K/s.
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Fig. 7. (a) Experimental spectrum of energy loss in the first anode (AE;) of the
ionization chamber vs position at the focal plane detector for the p(33S,0)*°P
reaction at a bombarding energy of 202 MeV. (b) Spectrum calculated with the
code ravTrAcE-GFM for the same experimental conditions. The spectra show the
separation of the particles of interest that can be achieved with the GFM
technique.

The experimental setup used in this measurement was the
same as the one used in the p(**S,0)*°P experiment shown in
Fig. 2. Since the beam intensity of the secondary 3’K beam was
less than 10° particles/s the spectrograph could be located at 0°
with the 37K/3SAr cocktail beam entering the GFM. The kinematic
curves of 0 vs E for the (p,o.) reaction with a 37K beam are similar
to the ones shown in Fig. 6. The angular range of the 3K particles
in the laboratory frame is restricted to scattering angles less than
2.9° i.e., to aregion where Si detectors are hard to use. In order to
identify the region in a AE vs X plot where 3#Ar reaction products
can be expected RayTRACE-GFM calculations were performed includ-
ing elastic scattering events from both, the >’K and 36Ar beams as
well as the 3*Ar and 3Cl products from the corresponding (p,ot)
reactions. The energies of the incoming 37K and 3®Ar beams were
275 MeV and 254 MeV, respectively. The results for AE vs X are
shown in the top part of Fig. 9 in comparison with the experi-
mental results (bottom). In order to eliminate tails from the
primary beam only events corresponding to the high-energy part
of the kinematic curve (see e.g., Fig. 6) are shown in the lower part
of Fig. 9. Due to the lower beam intensity of the contaminant >6Ar

22

20

18

0 (deg)
>

35 40 45

15 20 25 30
E, (MeV)

3 !
0 5 10

Fig. 8. (Color online) Two-dimensional spectrum of angle vs energy of o particles
detected in the DSSD, in coincidence with events in the °P island at a bombarding
energy of 179 MeV. The 0 binning represents the angular range covered by each
DSSD ring. The lines are calculations of the 33S(p,a)*°P kinematics corresponding
to the ground state (solid line) and the first three excited states (dotted lines) of
30p, These results demonstrate that light particles detected in the DSSD follow the
kinematic curves of the 3*S(p,a)>°P reaction in a wide energy range, and confirm
that this technique can be applied successfully to measure (p,a) transfer reactions
in inverse kinematics.

beam ( ~20% that of the radioactive 37K beam) as well as its
lower energy the 3SAr(p,o)*3Cl reaction had a negligible count
rate. In this comparison to Fig. 7 it should kept in mind that the
experiment was done with 37K beam intensities that were smaller
by 3-5 orders of magnitude than comparable stable beam
experiments. Despite the poor statistics the structure of the
experimental spectrum is found to be in good agreement with
the calculations.

4. Outlook

It has recently been suggested [36] to use the GFM technique
as a method to separate reaction products produced in deep-
inelastic collisions (DIC) from beamlike particles. The data pre-
sented in this study can be used to predict the separation of DIC
products from the incident beam using a gas-filled split-pole
spectrograph. Since the experiment, described above, used parti-
cles in the mass A=30-40 region we have restricted the calcula-
tions to DIC studies involving similar medium mass nuclei. In the
simulations it was assumed that DIC products in the mass range
A~ 20—40 are produced by bombarding a 2°®Pb target with a 36S
beam at an energy of 250 MeV, i.e., about 50% above the Coulomb
barrier. Reaction products in the mass range 30-40 generated in
such collisions are emitted at small angles with energies corre-
sponding to their respective Coulomb barriers. Other particles at
small scattering angles include elastically scattered beam parti-
cles as well as heavy (Pb-like) reaction products from central
collisions. Target-like deep-inelastic reaction products can be well
separated from the primary 3°S beam using the GFM technique.
Since the parameterization in this study was developed for
medium-mass ions we will in the following concentrate on a
discussion of the beam-like deep-inelastic reaction products.

While calculations show an appreciable spatial separation
between the beam and the target-like reaction products in the
focal plane, there is the possibility to achieve also some particle
identification for the light reaction products. A TOF vs X plot was
calculated for these particles assuming that the split-pole spectro-
graph was filled with 15 Torr of Nj. Fig. 10(a) shows the islands in
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Fig. 9. (Color online) (a) Calculated two-dimensional spectrum of one of the anode
strips of the ionization chamber (AE4) vs X obtained using the code RAYTRACE-GFM,
for the recoils of the p(>’K,>*Ar)a and p(*®Ar,>3Cl)a. reactions at 275 and 254 MeV,
respectively. The groups of >*Ar and 3Cl recoils together with the islands of 37K
and 3®Ar from elastic scattering are indicated. (b) Experimental spectrum for the
same reaction. The events with AE4 ~ 0 are caused by particles that are stopped in
various wire grids of the x-y position sensitive detector located in front of the
ionization chamber.

the TOF vs X plane expected for elastically scattered 3S particles
and several reaction products from deep inelastic collisions
(3236405 32Mg and “°Ca). Similar to the results obtained in our
experiments (Section 3) there is a spatial separation between
the lower-energy deep-inelastic reaction products and the higher-
energy beam particles which can be used to reduce the count rate
in a detector. On average the DIC products are separated from
the scattered 3°S beam in the focal plane of a gas-filled split-pole
spectrograph by about 40 cm. Neutron-rich low-Z isotopes
(e.g., 32Mg), however, have magnetic rigidities that overlap with
the 36S beam. Contrary to the detection of the target-like reaction
products some spatial separation of the individual beam-like
isotopes can be achieved. This separation for the beam-like
reaction products deteriorates, however, if we take into account
that the DIC reaction products are emitted with a finite energy
distribution. This effect is non-negligible as shown in
Fig. 10(b) where the effect of a + 5% energy distribution width
on the TOF vs X distributions of Fig. 10(a) has been calculated.
Additional signals from, e.g., the IC can be used to improve the
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Fig. 10. (Color online) Two-dimensional TOF vs X distributions of various particle
groups produced in deep-inelastic collisions of 250 MeV 3S ions on a 2°®Pb target.
The reaction products are assumed to be emitted with their respective Coulomb
barrier energies. The top part of Fig. 10 shows the separation of the various DIC
products from the incident beam in the TOF vs X plane. This separation disappears
if a velocity dispersion of + 5% is included (see bottom panel).

separation, but simulations show that the improvement is only
marginal. These results indicate, however that a GFM leads to a
spatial separation of the beam and the DIC products although the
separation between individual reaction products is marginal.
However, since the GFM technique results in a charge-state
focusing effect it can be used together with a y detector to
identify with good efficiency deep-inelastic reaction products in
the focal plane of a gas-filled separator.

5. Summary

Through a series of measurements using stable and radioactive
ion beams we have determined a parameterization of the average
charge state g for ions moving through a magnetic field region
filled with nitrogen gas which is valid in the mass A~20-40
region. Using this parameterization in a RrAYTRACE-GFM calculation
we can quantitatively describe the movement of intermediate-
mass ions in a gas-filled split-pole spectrograph. The ability of the
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gas-filled magnet technique to separate the (p,o) reaction pro-
ducts from the beam particles has been established through
measurements with 23S and 37K beams. Since the gas-filled
magnet method, however, is not independent of the velocity of
the ion (i.e., it is not fully velocity focusing) there can still be
considerable overlap between different particle species, which
limits the general application of this technique to other fields.
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