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Abstract

A recoil mass separator has been designed for the purpose of studying low energy ða; gÞ reactions in inverse kinematics for beam masses

up to about A ¼ 40. Their reaction rates are of importance for our understanding of energy production and nucleosynthesis during

stellar and explosive helium burning. The reactions take place in a windowless He gas target at the beginning of the separator which

consists of three sections. The first section selects the most abundant charge state. The Wien filter in the second section efficiently

separates the intense beam from the few reaction products. In the last section the reaction products are focused into a detector system

consisting of time pickup and energy detectors. In order to accept the complete kinematic cone of recoil particles for energies as low as

reasonably possible we specified a large circular angular acceptance of �40mrad. This requires a careful minimization of higher-order

aberrations. The present system has been designed to allow for a future upgrade to extend the experimental program to the analysis of

ðp; gÞ reactions.
r 2007 Elsevier B.V. All rights reserved.

PACS: 07.55.�w; 07.55.þh; 29.30.Aj; 41.85.�p; 41.75.�i; 25.40.Lw; 26.50.þx
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1. Introduction

The radiative captures of protons and alpha particles
represent the two important reaction mechanisms which
characterize stellar hydrogen and stellar helium burning.
Capture reactions dominate typical hydrogen burning
sequences such as the pp-chains in low mass stars as well
as the CNO, NeNa, and MgAl cycles in core and shell
hydrogen burning in massive stars. Alpha capture reactions
dominate critical reaction sequences in stellar helium
burning which affect subsequent stellar evolution and the
production of heavy nuclei through s-process nucleosynth-
esis. The experimental study of these reactions [1] has
traditionally been conducted using intense, low energy
proton and alpha beams. The nuclear reaction cross-
sections were measured by detecting the characteristic g
e front matter r 2007 Elsevier B.V. All rights reserved.
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rays emitted from the reaction products. The cross-sections
drop exponentially toward stellar energies and the mea-
surements of the associated g radiation are handicapped by
background radiation which severely limits the possibility
of direct measurement of stellar reaction cross-sections.
Consequently, the presently available stellar reaction rates
are mostly based on often unreliable extrapolation of
higher energy data to the stellar energy range [2].
The three main background components are cosmic ray

induced radiation, natural radiation in the surrounding
environment and beam induced background radiation
from low Z target impurities. Underground experiments
have been performed at the LUNA facility in the Gran
Sasso Laboratory to reduce the cosmic ray induced back-
ground [3]. While these experiments have been successful,
the natural background from the surrounding rock strata
remains a limiting factor, especially for experiments on low
Q-value capture reactions [4,5]. Several proposals of
underground experiments in salt layers are presently being
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discussed to reduce the natural background component.
While this approach may provide a cleaner environment, it
does not remove beam induced background from low Z

impurities in the target material. For this reason alternative
approaches have been suggested. Of particular interest is
the inverse kinematics technique with high intensity heavy
ion beams on hydrogen or helium gas targets. This
technique allows the measurement of not only the reaction
induced g radiation but also of the reaction products
with a recoil separator system installed in the forward
direction. In a pioneering experiment Kremer et al. [6]
employed the technique of inverse kinematics to the
astrophysical reaction 12Cða; gÞ16O and showed that
coincidences between g radiation and recoil particles pro-
vide a very efficient tool for reducing all three background
components.

In order to study reactions of explosive hydrogen
burning in the hot CNO cycles and the rp-process [7]
inverse kinematic experiments for low energy nuclear
astrophysics experiments with radioactive beams were
subsequently employed at several facilities. The DRS
separator at the HRIB facility in Oak Ridge [8], the
DRAGON separator at TRIUMF [9] and the ARES
separator at Louvain-la-Neuve [10] have been the pioneer-
ing instruments for the first successful inverse kinematic
experiments with low energy radioactive beams. In addi-
tion to the recoil mass separators (RMS) at radioactive
beam facilities, the ERNA separator [11] at the DTL
laboratory in Bochum has been installed to measure low
energy reactions with stable beams in inverse kinematics.
Very high beam suppression was demonstrated for these
systems allowing measurements at energies lower than is
possible with the traditional g detection method.

The existing recoil separators are primarily designed for
specific reactions. DRAGON was developed for the
measurement of the 15Oða; gÞ19Ne reaction which served
as benchmark for the design. ERNA was built with the
goal of measuring 12Cða; gÞ16O in inverse kinematics. These
facilities have provided very important information on the
use and challenges of recoil separators for low energy
experiments and have also shown that further development
is necessary to exploit the full potential of this technique. In
inverse kinematics, the beam and the reaction products are
contained in a narrow cone at forward angles. A rejection
of the beam is required to be able to detect the rare reaction
products. The momentum of the beam and reaction
products is nearly identical so that magnetic analysis alone
does not provide sufficient separation. Therefore, the
system must exploit the difference Dm in the masses of
the beam and the reaction product, i.e. Dm ¼ 4 for ða; gÞ.
This can be accomplished by using a Wien filter with
crossed magnetic and electric fields. Particles with velocity
v ¼ E=B travel unaffected through a Wien filter while
particles with different velocities are deflected, hence the
name ‘‘velocity filter’’. In our case where the momentum
p ¼ m � v is fixed for a given beam energy, the Wien filter
acts as a ‘‘mass filter’’.
Demanding challenges are associated with the need for
high beam intensity and rejection ratio, the relatively large
momentum transfer in low energy capture reactions and
the wide charge state distribution of the emerging reaction
products, all of which limit the efficiency of the recoil
detection device. Because of the very small reaction rates of
capture reactions at low energy, high beam intensities
are required. This in turn necessitates a high beam to
product separation ratio. The very low energy of the beam
particles and reaction products prohibits the relatively
simple and effective ‘‘wedge method’’ [12,13] which is often
utilized for mass separation at higher energies. With
decreasing energies and masses the angular cone in inverse
kinematics becomes larger and the acceptance angle of the
system has to be increased accordingly to efficiently collect
the rare reaction products. This makes the magnets rather
large and higher-order aberrations must be corrected,
adding to the complexity and cost of such a system. While
the detector system is able to identify particles that arrive
at the end of the system, it is paramount to physically
reduce the background as much as possible. Such back-
ground results from interactions of the intense beam with
the residual gas, apertures, slits and walls of the vacuum
chambers.
All these somewhat conflicting conditions must be

considered and incorporated in an optimized recoil
separator suitable for the intended astrophysical studies.
On the basis of known principles and being guided by other
recoil separators, we have designed a system, St. George,
that is optimized for the low energy ða; gÞ reactions in
inverse kinematics for beam masses up to about A ¼ 40.
St. George is the acronym for Strong Gradient Electro-
magnetic Online Recoil separator for capture Gamma Ray
Experiments. In the following section we will describe the
design concept and general layout of the recoil separator.
Then, we will discuss the ion optics, the design of the
magnets and Wien filter and conclude the article with a
summary.

2. Design of the recoil separator

To begin the design of the magnetic separator we
identified a number of ða; gÞ and ðp; gÞ reactions of
astrophysical interest to be able to define the required
design parameters suitable for these reactions. Table 1
shows sample ða; gÞ reactions and several parameters
relevant for the design. The estimated minimum energy
shown in column 3 is determined by the smallest expected
reaction yield that translates into four reactions per hour
for a beam current of 100mA resulting approximately in a
measured rate of one event per hour. The maximum energy
limit is given by the terminal voltage of 4MV of the
existing KN accelerator in the Nuclear Science Laboratory
of the University of Notre Dame and the charge states
expected from the ion source. As can be seen from column
8 an angular acceptance of about �40mrad is needed to
transmit all sample reactions.
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Table 1

Inverse ða; gÞ reactions of astrophysical interest

Beam Recoil Beam Elab

(MeV)

Ecm

(MeV)

Recoil Elab

(MeV)

Recoil Q

[14]

Recoil abund.

(%)

Half angle

(mrad)

E range

�%

Mom. p

ðMeV=cÞ

Br
(Tm)

16O 20Ne 5.8 1.16 4.64 5 42 14.2 2.8 415.7 0.277

12.5 2.5 10.02 6 40 11.8 2.4 610.9 0.340
18O 22Ne 1.94 0.35 1.59 3 38 39.2 7.8 177.1 0.284

3.3 0.60 2.70 4 42 30.9 6.2 332.6 0.277
34S 38Ar 10.0 1.05 8.95 8 32 10.4 2.1 795.7 0.332

38.0 4.00 34.00 12 32 7.2 1.4 1551.0 0.431
36Ar 40Ca 12.5 1.25 11.25 9 31 9.1 1.8 915.3 0.339

40.0 4.00 36.00 13 30 6.7 1.3 1638.0 0.420
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Fig. 1. Layout of the St. George recoil separator.
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Another crucial design parameter is a large mass
separation. Since the beam intensity is typically more than
15 orders of magnitude larger than the reaction products,
the separation between the beam and reaction products has
to be of the order of 10s, assuming a Gaussian peak with a
standard deviation of s for the beam and reaction products
at the selection position. This translates into a mass
separation of approximately m=Dm ¼ 100 for the ða; gÞ
reaction and a factor of at least four better for the ðp; gÞ
reaction.

The following list of criteria was established to develop a
concept for the separator and to specify the design
parameters:
(1)
 Efficient measurement of the ða; gÞ reaction in inverse
kinematics in the beam mass range of up to A ¼ 40, see
sample reactions in Table 1.
(2)
 Separation of a single charge state by magnetic analysis
after the target.
(3)
 Capability of handling high beam intensities.

(4)
 Effective separation of reaction products and beam

with nearly identical magnetic rigidity, with a suppres-
sion factor X1015 and an effective mass separation of
about m=Dm ¼ 100, using a Wien filter.
(5)
 Ion optics for a helium jet gas target of 3mm diameter.

(6)
 Ion optics including higher-order corrections that

allows reaction products to be focused into a detector
system with a diameter of 50mm.
(7)
 A vacuum of 10�7 mbar is required in the separator.

(8)
 Optimal use of physical layout of the Nuclear Science

Laboratory.
Based on these considerations a recoil separator with the
layout shown in Fig. 1 was designed. While it is based upon
concepts found in previous magnetic separators [9–11], the
combination of ion optics with a specially designed Wien
filter and the relatively large acceptance makes this
instrument unique. A detailed description follows in the
next section and the main design parameters are summar-
ized in Table 2.

3. General layout

The complete system consists of a total of six dipole
magnets (B1–B6), 11 quadrupole magnets (Q1–Q11) and
one Wien filter. In addition to the vacuum chambers inside
the magnetic elements, the beam line components provide
space for vacuum pumps, valves, slits and other diagnostic
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Table 2

Design parameters of the St. George magnetic recoil separator

Maximum rigidity Br 0.45Tm

Minimum rigidity Br 0.1 Tm

Angle acceptance, vert., horiz. �40mrad

Energy acceptance �7:5%
Mass separation m=Dm � 100

Bending radius 75 cm
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elements. All dipole magnet chambers have horizontal
access ports for slits and zero degree ports for alignment
and viewing at the entrances and exits. The abundance of
ports provides the flexibility to insert beam stops and slits
at a variety of locations to eliminate difficult to predict
background for the variety of experiments that may be
pursued. The separator is designed for use with a jet gas
target with a diameter of 3mm which will be installed at the
target location T1. The thickness of the gas jet is typically
3� 1017 atoms=cm2 creating an energy loss of the beam of
about 5 keV.

The complete separator consists of three Sections

(S1, S2, and S3) organized according to their ion-optical
functions.
�
 Section S1 extends from the target T1 to T2 and selects a
specific charge state of both the beam and the reaction
products. Beam and reaction products with different
charge states will be eliminated with water cooled
Faraday cups in appropriate locations near dipole B2.

�
 Section S2 extends from T2 to the slits T3 downstream

of the Wien filter and provides the mass separation by
means of the Wien filter. This Section is the most critical
part of the system and separates the beam and reaction
products of the selected charge state owing to the
difference in mass with a very high beam suppression
of X1015.

�
 Section S3 matches the phase space of the recoils to the

requirements of the detector system and bends the
particles through 52� via dipoles B5 and B6, providing
additional background reduction. The vacuum chamber
at the end of the separator, downstream of quadrupole
Q11, serves as the detector chamber.

4. Ion optics

Extensive first-order ion-optical studies were conducted
to design a recoil separator system that would satisfy the
design criteria listed above. While the system is mainly
designed to accommodate the desired reaction products,
the ion optics of the separated beam must be considered for
a variety of circumstances to stop the high intensity beam
and to achieve a suppression of the order of X1015.
Constraints of the existing building and beam lines for
ongoing experiments required that the separator be very
compact while maintaining the flexibility necessary for
accommodating the range of the planned reaction studies.
Special effort was made to minimize the number and the
focusing strengths of the quadrupoles. This was achieved
by adjusting the edge angles of the dipole magnets. It was,
however, not possible to eliminate any of the present 11
quadrupoles without compromising one or more of the
design requirements of the facility.
First-order design calculations of the beam and initial

calculations of the separator were performed using the
TRANSPORT code [15]. However, this code is ill suited
for the optimization of the mass separation of the Wien
filter and for calculations of higher orders. Therefore, all
subsequent calculations were conducted using the COSY
Infinity code [16]. Throughout this article we will use the
notations as defined in COSY. Aberrations up to fourth
order were calculated but only those up to third order were
found to significantly affect the design parameters. These
aberrations were reduced at T3 by shaping the boundaries
of the 12 available dipole faces.
Results of the final ion-optical design calculations up to

fourth order in both the horizontal x and vertical y

directions along the central ray (z) are shown in Fig. 2. The
calculations were performed for the maximum design
rigidity of 0.45 Tm with beam and recoil masses of A ¼

36 and 40, respectively. Both beam and recoil ions have the
same charge of Q ¼ 11. The acceptance parameters used in
the calculations are summarized in Table 2. They include
the most demanding cases that are extracted from Table 1.
The complete system is 20.29m long from the target
location T1 to the detector plane T5. The upper panel
shows the optics in the horizontal (x) plane. The effective
field lengths (EFL) and good-field regions of the six dipole
magnets B1–B6 are indicated by rectangles. For the
quadrupoles Q1–Q11 the rectangles indicate the EFL in
the z direction, while the transverse boundaries are given
by two or three lines. When three lines are shown, they
indicate the dimensions, starting from the inside, of the
aperture radius, the good-field region and the physical
limits of the vacuum chambers, respectively. The aperture
radius is the radius of the largest clear circle between the
pole pieces of a quadrupole magnet of the design shown in
Fig. 5 with a diameter of 180mm. When only two lines are
shown the inner line represents the aperture radius and the
outer line shows the vacuum chamber size. All quadrupole
magnets are designed so that the good-field regions are at
least as large as the aperture radii.
The lower panel shows the ion optics in the vertical

direction. The EFL of the dipoles and quadrupoles are
represented by the horizontal width of the rectangles. The
vertical dimensions represent the gap for the dipoles and
the inner dimensions for the vacuum chambers for the
quadrupoles. The good-field regions are in all cases larger
than the vacuum chambers.
To elucidate the ion optics, 11 horizontal and 7 vertical

rays characteristic for the recoil separator are shown in
Fig. 2. The starting values of the rays are listed in Table 3.
The horizontal rays 1; 2; 3; 9, and 11 show the extreme rays
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Table 3

Starting values of the 11 horizontal and 7 vertical rays shown in Fig. 2

Ray number Horizontal rays Vertical rays

x (mm) Y (mrad) dE=E (%) y (mm) F (mrad)

1 0 40 7.5 �1.5 40

2 0 40 0 0 40

3 0 40 �7.5 1.5 40

4 0 0 13 1.5 0

5 1.5 0 0 1.5 �40

6 0 0 �10.5 0 �40

7 0 �20 �9.5 �1.5 �40

8 0 �30 �9.0

9 0 �40 7.5

10 1.5 �40 0

11 0 �40 �7.5

Beam 0 0 0
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Fig. 2. Ion optics of the St. George recoil separator. The starting values of the rays are listed in Table 3. For details see text.
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for the design acceptances of �40mrad for the angle
and �7:5% for the energy. The rays 5 and 10 explore the
effects of a target size with a starting parameter 1.5mm.
Ray 5 shows the magnification along the system. The rays
4; 6; 7, and 8 test the energy acceptance as a function
of angle. At 0� particles with an energy spread of �10:5%
will be transmitted, limited by the good-field region of
quadrupole Q3. The accepted energy range will gradually
decline with increasing angle. At the maximum trans-
mitted design angle of �40mrad the accepted energy
range is �7:5%. All horizontal rays arrive at the plane T3
within a few millimeters in the horizontal direction. This
was achieved by third-order corrections built into the
dipole entrance and exit edges. The vertical ion optics is
designed to keep all rays within the vertical gaps of the
dipoles.
The vertical envelope near T3 is relatively large due to

the vertical magnification ðyjyÞ with a maximum of about
15 in Q8 as can be seen from vertical ray 4. For a
monoenergetic, point-to-point imaging the vertical magni-
fication at a location z is defined as the ratio ðyjyÞ ¼
yðzÞ=yðz ¼ 0Þ. For this reason, the vertical opening of the
chambers of Q8 and Q9, as well as the gap of B5 is
relatively large.

Section S1 is designed to eliminate all but one charge
state from the distribution that is created in the target.
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At and in front of T2 the dispersion is large, as can be seen
from horizontal rays 4 and 6. Particles with all but the
desired charge state are bent beyond the acceptance of the
system and will be stopped in a slit system. The exact
location of the slit system will depend on the experiment.
Since the magnetic rigidity Br is inversely proportional to
the charge state, a good separation is achieved even for the
smallest relative charge state of about Dq=q ¼ 1

10
. For

lighter nuclei the relative charge state can be significantly
larger, e.g. Dq=q ¼ 1

3
. For these cases beam access ports for

slits are provided at the exit of dipole B2 and between B1
and B2.

In principle the best location for a charge state
separation would be the focal plane of the subsystem. This
focal plane is located between Q3 and Q4 and is identified
by the intersections (marked by full circles) of three pairs of
rays (1,9), (3,11), and (2,10). Due to the large dispersion
all undesirable charge states are already outside of the
acceptance at that location. The small emittance of the
beam allows the elimination of the beam with different
charge states on slits in front of the focal plane.

Desirable alternative designs with smaller dispersion,
such as a smaller bending angle of B1 and B2 or a longer
system could not be accommodated in the existing
available space. This is mentioned here as it should be
considered in the design of future recoil separators, where
the above constraints are absent, as for example for a recoil
separator design for a radioactive beam facility [17].

Since, for a given charge state, the momenta p and
therefore the magnetic rigidities Br ¼ p=q of the beam and
reaction products of the radiative capture reactions are
nearly identical, no separation of beam and reaction
products takes place in Section S1.

The crucial separation of beam and reaction products is
accomplished in Section S2 by means of a Wien filter. The
masses of beam and reaction products differ by four mass
units for ða; gÞ reactions. Since the momenta are the same,
the mass difference of the beam and reaction products
translates into a velocity difference and therefore a separa-
tion occurs in the Wien filter in Section S2. Apart from the
Wien filter this Section consists of five quadrupole (Q3–Q7)
and two dipole (B3 and B4) magnets. This Section

optimizes the separation of the beam and reaction products
at T3. This is demonstrated by the waist shown at T3 for
the sample rays in the fourth-order calculation in the upper
panel of Fig. 2. For a central ray of a point-to-point
imaging the energy dispersion ðxjdE=EÞ is defined as the
ratio of xðzÞ and dE=E. The energy dispersion is � 0 at T3
as can be seen from rays 4 and 6 with energy starting values
of dE=E ¼ 13:0% and �10:5%, respectively. A separation
of the beam as seen in Fig. 2 is due to the mass difference of
Dm=m ¼ 1

10 for the case of a beam mass of A ¼ 40, the
largest mass considered. In all other cases with Ao40, the
separation is larger. The separation of 4–5 cm, or about
10s, is needed in view of the huge difference between beam
intensity and the rare reaction events. For a more detailed
discussion of a realistic reaction see Section 5.
Considerable effort was dedicated to optimize the Wien
filter for best performance and to minimize its size. This
was important in view of the required large acceptance and
the high beam suppression. In addition to the ion-optical
functions of the magnets of Section S2 that are mentioned
above, they also serve to maximize the mass separation for
a given size of the Wien filter, as discussed in more detail in
Section 7.
While the reaction products and the beam are in

principle separated at location T3, it would be unrealistic
to install a detector system here to identify the desired
reaction products because of the expected, huge back-
ground [9–11]. Therefore, the reaction products are further
transported through Section S3, which consists of four
quadrupole (Q8–Q11) and two dipole (B5 and B6)
magnets, from T3 to T4. The horizontal and vertical waist
between B5 and B6 provides an opportunity to install
apertures designed to further reduce background.
A detector system will be installed in the 50 cm drift

space between T4 and T5. This length is suitable for a
possible time of flight system for the low energy ions
of interest. The vertical lines shown at these locations in
Fig. 2 are �2:5 cm long. It should be mentioned that the
emittances for realistic cases typically have a smaller
envelope than defined by the extreme rays shown in
Fig. 2. As an example, ray 4 is outside of the design
acceptance and is shown purely to demonstrate the ion-
optical properties and possible paths for background
particles.

5. Simulation of a sample reaction

In order to demonstrate the optics for a realistic case, we
performed a COSY calculation for the 22Neða; gÞ26Mg
reaction in inverse kinematics. The 22Ne ion had an energy
of 4.6MeV corresponding to a center of mass energy of
0.707MeV. For the 4He target we assumed a thickness of
3� 1017 atoms=cm2, a beam spot of 3mm diameter and a
beam angle opening of �2mrad. Energy loss and straggling
and angular straggling of the beam in the target volume
were calculated using the Monte Carlo simulation of
SRIM [18].
The upper panel of Fig. 3 shows the resulting horizontal

envelopes of the reaction products, the beam with the most
abundant 5þ charge state [14] and the beam with a charge
state 6þ. The lower panel shows the vertical envelope of the
reaction particles. For an explanation of the coordinate
system and the dimensions of the electro-magnetic elements
see Fig. 2 and the corresponding text.
The reaction products and the 5þ beam have a narrow

waist at location T3, where the beam will be stopped. The
reaction products travel through the center of the magnet
system to the detectors at T4 and T5. Due to the relatively
large difference in magnetic rigidity the 6þ fraction of the
beam is already separated for the reaction products in front
of the magnetic dipole B2 and will be stopped there.
The envelopes include 104 rays within the beam spot for the
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reaction products and the beam was transported through
the system by a fourth-order COSY calculation.

This calculation shows that all rays are well within the
acceptance of the system. This ion-optical calculation
does not include particles that may be scattered by the
residual gas.

6. Magnet design

The magnets are designed to provide the good-field
region required in both transverse directions and the
necessary field strengths according to the ion-optical
calculations. All magnets are operated by highly stabilized
direct currents and are designed to operate at fields up to
0.6 T in the gap of the dipoles and 0.3 T at the pole tips of
the quadrupoles so that iron saturation can be kept
negligible. For this reason, all iron pole pieces and return
yokes are machined of solid, soft magnet iron. All coils are
normal conducting with hollow copper conductors to allow
water cooling. The coil temperatures are kept below 55 �C.
All magnets including vacuum chambers, power supplies,
and supports are manufactured by the commercial vendor
Bruker Biospin which has significant experience in the
design and construction of similar magnet systems.

6.1. Dipole magnets

The six dipoles are H type magnets. They will be
manufactured according to the specifications given below
and in Table 4. All dipole magnets have a bending radius of
750mm and bend particles through an angle of 26� as
shown in Fig. 4 for dipole B1. The gaps of all dipoles are
70mm except for B5 which has a gap of 80mm. The
horizontal good-field regions are 200mm for B1–B4 and
140mm for B5 and B6. This is accomplished with pole
widths of 440mm for B1–B4 and 380mm for B5–B6 and
with the help of Rose shims at the sides, not shown in this
drawing. This ensures that the field is constant within
dB=Bo2� 10�4 in the good-field region. The maximum
magnetic field B is 0.6 T to allow the bending of particles
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Table 4

Design parameters of the dipole magnets

Parameter Dipole magnet type

B1 B2 B3 B4 B5 B6

Good-field region, dB=Bo� 0:02% (mm) 200 200 200 200 140 140

Entrance parameter a 0.23 0.13 0.23 0.23 0.23 0.10

Entrance parameter b (1/m) �0.05 �0.74 �0.09 �0.67 0 0

Entrance parameter c (1/m2) 2.8 0 0 0 0 0

Exit parameter a0 0.23 0.13 0.23 0.23 0.23 0.10

Entrance parameter b0 (1/m) 0.25 �0.59 �0.61 0 0 0

Entrance parameter c0 (1/m2) 0 0 0 �0.32 0 0
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Fig. 4. View from above the midplane of dipole magnet B1 and the vacuum chamber. The physical shape of the pole piece at the entrance (EFB-in) and

the exit (EFB-out) is designed to create the higher-order corrections. All dimensions are in millimeter.
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with magnetic rigidities up to 0.45 Tm. Each magnet
weighs about 1000 kg and has a maximum power of 5 kW.
The cross-sectional area of the inner and outer return yokes
is approximately 40% of the pole surface, sufficient to keep
the magnetic inductance below about 1.4 T in the outer
yoke and 1.7 T in the inner yoke, where saturation effects
begin to become noticeable.

The vacuum chamber of B1 shown in Fig. 4 has a
number of access ports that are also available in the
chambers of the other dipole magnets, whenever possible.
Two large entrance and exit ports with 200mm width and a
height of 70mm (80mm for B5) ensure the clear passage of
all particles within the acceptance. A port extended
through the inner yoke allows the insertion of a NMR or
Hall probe for precise field setting and monitoring. Two
transverse ports at the entrance and exit of the magnet
allow the installation of a variety of slits and diagnostic
elements to stop and measure the beam or background, as
may be required for a particular experiment. All vacuum
chambers are of wrap-around type where the pole pieces
serve as top and bottom lids. For cost reasons, easy access
to the inside of the vacuum chambers, and to avoid
magnetization during welding, seals are provided by Viton
O-rings. All magnets have 0� ports in both directions for
alignment and other access needs that may arise.
In order to meet the specifications, in particular the large

design acceptances, higher-order corrections are necessary.
Due to the limited space within the laboratory, it was not
possible to include separate higher-order magnets in the
system. However, higher-order corrections were provided
by shaping the field boundaries at the entrances and exits
of the dipole magnets. The optimum boundaries include up
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Table 5

Quadrupole design parameters

Parameter Quadrupole magnet type

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11

Overall length (mm) 390 390 490 490 490 390 390 390 390 390 390

Focusing strength (T) 1.2 0.8 0.5 0.75 0.6 0.3 0.25 0.5 0.75 0.85 0.6

Eff. field length (mm) 250 250 350 350 350 250 250 250 250 250 250

Gradient (T/m) 4.80 3.20 1.43 2.14 1.71 1.20 1.00 2.00 3.00 3.40 2.40

Horiz. good-field region (mm) 94 180 242 170 230 185 160 120 185 185 110

Aperture diameter (mm) 100 170 200 200 200 170 170 140 180 180 140

Max. pole tip field (T) 0.22 0.25 0.13 0.19 0.15 0.09 0.09 0.13 0.24 0.28 0.15

Max. inhomogeneity (%) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Hor. pipe, inner diameter (mm) 140 230 260 260 260 230 230 140 200 200 140

Vert. pipe, inner diameter (mm) 80 80 80 80 80 80 80 140 85 80 140

Dia 180

650

210

650

95

Fig. 5. Cross-section drawing of the quadrupole magnet Q10 including

the vacuum chamber.
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to third-order terms. The boundaries are parameterized by
polynomials as follows:

Entrances: zðxÞ ¼ axþ bx2
þ cx3

Exits: zðxÞ ¼ a0xþ b0x2 þ c0x3.

Here zðxÞ is the displacement in meter (positive is into the
magnet) at the position x in meter, where x is the transverse
coordinate with respect to the optical axis, with the origin
where it crosses the field boundary. The coefficients of the
optimized field boundaries are listed in Table 4. The first-
order coefficients a and a0 are the tangents of the edge
rotation and provide vertical focusing. This focusing helps
to minimize the vertical particle envelopes and therefore
the gaps of the magnetic dipoles. It also reduces the
maximum required focusing strengths of the quadrupole
magnets.

The calculations for the higher-order corrections were
performed with the following considerations in mind. We
wanted a high mass resolution to achieve a good separation
of beam and reaction products at T3. In addition the good-
field regions of the magnets and the sizes at the detector
locations T4 and T5 should be as small as possible. In most
cases second-order hexapole corrections ðb; b0Þ were suffi-
cient and only two boundaries required octupole correc-
tions ðc; c0Þ. Calculations also showed that deviations of
0:002; 0:01m�1, and 0:1m�2 for the quadrupole, hexapole
and octupole parameters, respectively, are acceptable and
do not affect the performance of the system. Examples of
the second- and third-order corrections at the exit and
entrance of dipole magnet B1 can be seen in Fig. 4.

Despite extensive calculations it was not possible to
further minimize the images at T3, T4, and T5 for the
present configuration. This was considered acceptable since
the required mass resolution at T3 was achieved and the
sizes at T4 and T5 can be accommodated with achievable
detectors.

Rather than attempting time consuming three-dimen-
sional field calculations to predict the shape of the
magnet ends for the proper edge angles and higher-order
components, it was decided to build B1 as a prototype on
the basis of two-dimensional calculations, map the field
and make corrections as required. The expectation is that
the dipole fields of the other magnets can then be produced
without further shimming or field clamps.

6.2. Quadrupole magnets

The 11 quadrupole magnets of the separator system will
be manufactured according to the specifications in Table 5.
Most quadrupole magnets require the dimensions of the
horizontal good-field regions to be significantly wider than
the vertical ones. In these cases the vacuum chambers are
wider in the horizontal direction. As an example, the
quadrupole Q10 is shown in Fig. 5. The inner diameter of
this quadrupole is 180mm. The required good-field region
is vertically 80mm and horizontally 185mm, well within
the inside clearances of the vacuum chamber. The pole
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pieces will be shaped to provide a good-field region that is
horizontally wider than the diameter between poles by up
to 20% for most of the quadrupoles.

In order to be able to set the magnetic fields reprodu-
cibly, all dipoles have ports where NMR or precision Hall
probes can be inserted as shown in Fig. 4. The hysteresis
effects in the quadrupoles are small enough so that the
quadrupole fields can be set by current.

7. Design of the Wien filter

The design of Wien filters poses several technical
challenges, e.g. they can become large because the
electro-static system must be installed inside the gap of
the dipole magnet. With increasing size the electrode inside
the magnetic dipole drives the height of the magnet quickly
to impractical dimensions or results in a poor magnetic
good-field region. Therefore, we have minimized the
height of the electrodes with two pairs of homogenizing
electrodes.

Fig. 6 shows a top view of the horizontal midplane of the
Wien filter. The beam enters from the left and passes
between the main electrodes. The lower pair of homo-
genizing electrodes is also shown. The main electrodes are
mounted from the sides on ceramic supports and are
connected in the center to the high voltage power supplies.
The magnet coils, returns, and field clamps are shown
surrounding the vacuum chamber. The EFL of both the
magnetic and electric dipoles are 1100mm. The good-field
regions of both dipoles are 130mm horizontally and 60mm
vertically with relative field homogeneities of �0:002. The
vertical gap of the dipole magnet is 320mm high to
accommodate the electrodes mounted inside the vacuum
chamber. The electrodes are 200mm high and have a
48mm spacing to the grounded upper and lower walls of
the vacuum chamber. The horizontal gap is 132mm wide
Fig. 6. A top view of the horizontal midplane of the Wien filter
and a maximum high voltage of �110 kV will be applied.
The homogenizing electrodes are designed for a maximum
voltage of �37 kV. A detailed discussion of the Wien filter
will be presented in a forthcoming article [19].
Another challenge in designing Wien filters is the spatial

difference in electric and magnetic fringe fields. Because of
the large gap that has to include the electrode height and
the safe distance to ground and properties inherent to
magnetic dipoles, the magnetic fringe field extends over a
larger distance than the electric fringe field. In this fringe
field region, the ratio of E=B differs from that inside the
Wien filter, and this can result in a significant degradation
in the quality of the velocity filter. Several features have
been incorporated into the design of the Wien filter in an
effort to minimize the distortions in the fringe field region.
We first minimized the height of the electrodes, which

reduces the magnet gap and therefore the length of the
magnetic fringe field. In addition, the fringe field of the
magnet was reduced as much as possible by the addition of
adjustable field clamps. These field clamps provide the
additional advantage that the EFB can be adjusted by
approximately �10mm to optimize the performance. This
adds flexibility to the design in addition to reducing
manufacturing costs by avoiding costly mapping/machin-
ing iterations if the calculated and measured EFB deviate.
The electrodes are designed so that the electric fringe

fields are extended to closely follow the magnetic fringe
field. This is accomplished by flaring open the electrode
ends progressively as shown in Fig. 6 and by moving the
grounded entrance and exit walls to a distance of about
218mm from the ends of the electrodes. The resulting
electrode design was optimized in two-dimensional calcula-
tions using the finite element field code MagNet [20] and
then verified using the code SIMION [21] in three
dimensions to ensure that the out of plane deviations do
not affect the mass separation.
is shown. Electrostatic dipole is mounted inside the magnet.
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The size of the Wien filter was minimized by a careful
ion-optical design that maximizes the desired mass separa-
tion for a minimum good-field region.

8. Summary

A recoil separator has been designed with the goal to
measure ða; gÞ radiative capture reactions at very low
energies in inverse kinematics that cannot be measured in
present facilities or in direct kinematics. These measure-
ments are very important to verify extrapolations of stellar
reaction rates used in astrophysical studies. This requires
large angular and energy acceptances of �40mrad and
�7:5%, respectively. Higher-order ion-optical correction is
accomplished by shaping the entrance and exit field
boundaries of the dipole magnets.

Inverse kinematics in combination with a recoil separa-
tor allows for the reduction of background further than
possible in the direct reaction using an a beam. Separation
of beam and reaction products is accomplished by first
selecting a charge state and transmitting a fixed momen-
tum. Then, a specially designed Wien filter is used for a
mass selection of m=Dm ¼ 100, resulting in a beam
suppression of the order of X1015. Further background
reduction is accomplished in a detector system at the end of
the recoil separator.

The system is also designed to allow a later upgrade for
ðp; gÞ experiments in inverse kinematics that require higher
mass separations by about a factor of 4. This can be
accomplished by modifying the last section of the present
system and by adding additional Wien filters and/or
electrical dipoles and magnet sections for background
suppression and matching to the following detector system.

The recoil separator is presently under construction and
commissioning is expected to begin in summer 2008 with
experimentation to begin in fall 2008.
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