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VELOCITY SELECTOR FOR HEAVY-ION SEPARATION*
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A velocity selector with an e¢lectric field strength of 0-40 kV 'cm and a magnetic field strength of 0-4000 G has been
designed for the purpose of separating heavy-ion reaction products, particularly from fusion reactions. The instrument has
been installed at the Tandem Facility of the Brookhaven National Laboratory and is being used mostly in conjunction
with a magnetic spectrograph to produce an encrgy—mass spectrograph (EMS) described in full in the preceding paper.

1. Introduction

Velocity selectors (also called E x B filters, mass
filters, or Wien filters) have been used in high en-
ergy physics for many years through the practical-
ly bygone era when the particle velocities in high
energy physics still were distinguishable from the
velocity of light. The device has also been em-
ployed in mass spectroscopy') but has found little
or no use in nuclear structure work, at least not
in particle spectroscopy.

The mass filters, so called in high energy ter-
minology, employ electric fields typically of the or-
der of 60 kV/cm and magnetic fields of the order
of 200 G producing zero deflection for a particle
with velocity v=3x10®m/s, i.e., the velocity of
light. A velocity filter for mass spectroscopy typi-
cally is required to separate particles with
f=v/c=107, and operate with electric fields of
the order of 1500 V/cm, and magnetic fields of
the order of 5000 G.

In charged particle magnetic spectroscopy, the
kinetic energy and identity of particles emitted
from a reaction target can be measured with a
AE-E counter telescope or with a magnetic spec-
trograph determining p/q, and a focal plane detec-
tor performing the identification of the particle. In
many heavy-ion reactions there i1s a great profu-
sion of particles emerging from the target, and the
particle identification by a gas or solid state detec-
tor often becomes difficult or impossible. In addi-
tion, in many of these reactions the majority of
reaction products are emitted in a forward direc-
tion close to the beam, and one needs to separate
these products from the much more intense beam.
Time-of-flight techniques have been used very
successfully to separate reaction products where a

* Work supported in part by U.S. Energy Rescarch and De-
velopment Administration Contract no. EY-76-C-02-3069.

mass resolution of 1% or poorer suftices. A veloc-
ity filter, as discussed in this paper and the pre-
ceding one, can relatively easily provide a velocity
resolution of 1/500. Coupled with a correspon-
dingly accurate determination of either energy or
momentum, this yields a mass resolution of that
order of magnitude. Velocities of fusion products,
in particular, produced in heavy-ion reactions are
typically of the order of 10’ m/s (8 = 1/30). Typi-
cally, field strengths of the order of 40 kV/cm and
4 kG are needed for separating these species. The
_ratio of field strengths thus falls somewhere be-
tween those used in high energy physics and
those used in mass spectroscopy. The required
field strengths are closer to those used in cyclo-
tron beam extractors.

2. lon optics

A particle moving with a velocity v through the
selector will experience a force given by
F:(I(E+t’xB). (')

Assume that the electric field is directed along the
x-axis, the magnetic field along the y-axis, and
that the particle is moving in the z-direction. The
particle will then be undeflected if it has a velocity
Vo = E”B’ (2)

independent of the charge ¢ of the particle. We
have tacitly assumed that the length of the elec-
trostatic deflector is equal to the length of the re-
gion of magnetic field; or more generally, that the
distribution of the electric field and the magnetic
field everywhere is the same so that condition (2)
is fulfilled also in the fringing field regions. In
practice this may not be the case, as discussed in
further detail below.

The first-order optics of the velocity selector can
be expressed by the conventional matrix equation?)



X xix x/0 x/o\ [x
ol =1o0/x 00 0]10] (3)
é/, 0 0 1 o/

The column matrix indexed 1 expresses the posi-
tion, direction, and velocity (6 = Av/v) at the en-
trance of the device; and the column matrix in-
dexed 2 expresses the corresponding parameters at
the exit. There is no focusing action by the velocity
selector in the y-direction. and the corresponding
y-matrix is therefore a free flight matrix.

Assume first that magnetic and electric air gaps
are small, so that the entrance and exit fringing
field regions are short compared to the length of
the device. We call this case the sharp cut-off
fringing field (SCOFF) case. The transfer matrix in
eq. (3) is then

cosa Rsinx —R(1—cosa)
—R 'sinz cosx —sinx , 4)
0 0 1

where o = L/R with L being the length of the de-
vice and R = mv,/Bq. Eq. (4) is identical 1o the
transfer matrix for a sector magnet, with central
radius R except for a change of sign for the two
terms x/6 and 6/6.

When the conditigns of sharp cut-off fringing
field are not fulfilled, some modifications of the
optics are in order. The most important is an off-
set of the center line very similar to that seen in
deflecting magnets®). In general the air gap in the
electrostatic deflector is smaller than the air gap of
the magnet. The magnetic fringing field region is
therefore wider than the electric fringing field re-
gion. This is illustrated in fig. 1. It is assumed
that the device is designed such that the effective
lengths of the electric field and the magnetic field
are identical. As seen in fig. 1, a particle will ex-
perience two opposite impulses in the entrance
fringing field region - first deflecting the particle
in the direction of the magnetic force, and later
straightening out the orbit again. A corresponding
opposite orbit offset occurs at the exit as shown.
The offset can be expressed by a simple formula
similar to the one given in ref. 3

D~ Di

Ax =1, R (5)

M. SALOMAA AND H. A

ENGE
FooTT Tt T
i Ll x ‘
o SEEh

1

i | ke '
| = . | |
l R !
I : ,
i % N i -y S !
’ ! j oz 12zT> ! \

| + !
. | En |
| _ S
1 - ]
L - e = - _J
|~,* N _/___/______,_
, A “ /// 1
: " Fo
' / 3 ﬁ
| / \

,/' I
o .
| ‘.
I

o |
| 4 lap, se
| [\
— ST - - i
| | :
. Poie Prece ‘
l 1
\ !
i S e - - - |
ot ' ——
\ i
JEIOC by
P ) s Seesner |
4 Lenter crp

o

1°

! i
i

|

Fig. 1. (a) Schematic cross section of a velocity selector show-
ing the directions of the electric force Fy and the magnetic for-
ce Fy. (b) Imperfect cancellation of forces in the fringing field
regions produces paraliel offset Ax of the central orbil.

where Dy is the magnet air gap, Dy is the electros-
tatic deflector gap, /, is an integral which depends
upon the shape of the fringing field curve’), and
R is defined above. For [, =0.85, as a typical ex-
ample, Dy =10cm. Dy =2.5¢cm, and R =270 cm,
we obtain a center line offset of 4x =0.3cm. The
example is applicable to the energy—mass Spectro-
graph described in the previous paper*). The veloc-
ity selector has been offset vertically by 3 mm rel-
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ative to the target spot and the median plane of
the magnetic spectrograph.

The extended fringing fields (EFF as opposed to
SCOFF) of dipole magnets result in a reduction in
vertical focusing as described in ref. 3. In the ve-
locity selector there is no first-order vertical focus-
ing anywhere. The extended fringing fields, how-
ever, do produce a reduction in focusing and this
reduction occurs in the x-direction, in the notation
used here. If the fringing fields of the electrostatic
deflector and the magnet overlap perfectly
(Dy = D), the reduction in focusing can be repres-
ented by a defocusing lens in each fringing field
{exit and entrance) of focal strength

1f = — 1, Du/R?. (6)

where /, is another integral given in ref. 3. Typi-
cally its value may be /,=0.7. When the gap of
the electrostatic deflector is smaller than the air
gap of the magnet, the situation is a bit more
complicated but the effect is always one of reduc-
tion of focusing.

If the velocity selector is short compared to the
parameter K, i.e., L <R, the device can be treated

Cross section at the ends
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Fig. 2. Cross section of the velocity sclector. The upper half
shows the support structure near the end of the electrodes.
The lower half is a cross section through the center of the de-
vice showing the feedthru insuiator.
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as a thin lens. We then wrie

L L (7

When combined with eq. (6) representing the re-
duction in both fringing fields, the formula for the
focal strength becomes

1
/
Also, for the case L<R we can rewrite the dis-
persion terms as

=I%(L—2120M)~ (8)

x/6 & —R(1—cosx) ~ —L2]2R, (9)
and
0/6 ~ —sina ~ —L/R. (10)

A particle with velocity (1 + 8)v, will emerge at the

exit with an angle §= —L&/R and at a position
1

x= —306L.

3, Technical details

Fig. 2 shows a cross section of the velocity se-
lector for the EMS described in the previous paper.
The electrostatic deflector plates are made of
stainless steel and are contoured at the edges in
order to maximize the available volume of homo-
geneous or near homogeneous field. The plates are
110 cm long and supported near the ends by stan-
doff porcelain insulators, as shown in the upper
part of fig. 2. The plates are connected to their re-
spective power supplies (60 keV) through porce-
lain air-to-vacuum feedthrough insulators. The
magnet pole pieces are 101.6 cm long and 15.2 cm
wide with a gap of 10.2 cm. The two coils have 64
turns each, powered in series from a 250 A, 35V
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Fig. 3. Schematic diagram of high-voltage supplies and digital-
voltmeter monitoring circuit.
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stabilized power supply to yield a maximum mag-
netic field of approximately 4000 G.

Fig. 3 shows very schematically the arrange-
ment of the high voltage power supplies for the
electrostatic deflector. The stabilized supplies are
models RHR60P30/RVC and RHR60N30/RVC,
manufactured by Spellman High Voltage Electron-
ics Corporation. The voltage is remotely adjusted
with a 0-6 V dc analog signal. The total voltage
between the plates is monitored remotely with a
digital voltmeter supplied through two voltage
dividers, each with a ratio of 10* to 1. The high
voltage resistors in the meter circuit are each
made up of six 74.6 MQ resistors. Both the high
voltage resistors and the 44.8 k{2 resistors at the
lower end of the chains have capacitors in parallel
for transient protection (not shown in fig. 3).

The energy-mass spectrograph is mainly de-
signed for detecting evaporation residues from fu-
sion reactions. These evaporation residues are em-
itted in the forward direction within a cone of half
angle of perhaps a few degrees. It is therefore
highly desirable to have the possibility of zero de-
gree operation. This poses a serious problem,
namely that of getting rid of the beam without
swamping the detector with background radiation.
In a fusion reaction the velocity of the particles in
the beam is typically a factor 2—4 times larger than
the velocity of the evaporation residues. This nor-
mally means that the beam will strike the positive
deflector plates of the velocity selector. Here the
particles can undergo small angle scattering, come
out with a reduced velocity closer to v, and there-
fore make it through to the detector. To cut down
on this background the positive plate of the veloc-
ity selector has been supplied with four beryllium-
covered baffles, as shown in fig. 4. The baffles
have decreasing thickness as a function of dis-
tance through the velocity selector so as to pro-
duce no reduction in solid angie for particies with
velocity v = vy.
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Fig. 4. Positioning of beryliium-covered baffles (black) for
beam trapping. (Note differences in vertical and horizontal
scales.)

The relatively small solid angle of the device
(0.64 msr) is a result of the requirement of good
velocity resolution, that is, a long device with rel-
atively small plate separation to produce a high
electric field. It would be advantageous for future
instruments to find a design that can operate at
higher field strengths and that therefore can be
shortened and/or made with a larger plate separ-
ation. In high energy physics, velocity selectors
have been used with total plate voltages of 600 kV
and more over typically 10 cm separation. This has
been achieved partly by using a conductive (heat-
ed) glass cathode and also by operating the device
at a gas pressure of approximately 10 mm Hg.
Unfortunately, a heavy-ion spectrograph has to
operate at high vacuum to avoid charge exchange
in the rest gas. However, by using glass instead of
stainless steel in the cathode one may be able to
achieve a significant improvement in breakdown
voltage.

We are indebted to N. Tsoupas for performing
the detailed calculations of the fringing field ef-
fects including the center line offset discussed in
section 2.
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