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A gas stripper cell has been constructed in order to
investigate collision processes of multi-charged ions
incident on atoms and molecules in a few MeV energy region.
This apparatus consists of two parts, namely the gas cell and
the charge selector. The design principles as well as the
characteristics of the constituent components are described.

Experimental results show that this apparatus works well as

we have expected.

Keyworas: Gas Stripper Cell, Construction, Multi-charged Ion,
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1. INTRODUCTION

Colliision processes of multi-charged ion impact on atoms
and molecules are of importance not only in atomic physics
but in plasma physics and in laser physics. Nevertheless,
studies on these processes have been performed in past a few
years, because of difficulties in production of the multi-
charged ions.

An experimental apparatus for productiocon of multi-
charged ions has been constructed at 2 MV Van de Graaff
facility of JAERI (2 MV VdG), applying to charge stripping
processes of energetic ion beams. This apparatus is aimed to
produce the data for the atomic and molecular processes in
fusion research. The ion beams produced by this apparatus
will be used to the following measurements: (1) the
measurements of charge changing cross sections of multi-
charged ions, (2) the measurements of energy and angular
spectrum of X-rays and electrons from atoms and molecules by
multi-charged ion impacts, (3) the measurements of recoil
ions produced by multi-charged ion impacts on atoms and
molecules.

In general, the multi-charged ions are obtained by

1)

extraction from multiply charged ion scurces (for example
EBIS, ECR ion source, laser ion source etc.) or by charge-
stripping of singly charged ions. It is difficult to mount a
multiply charged ion scurce at the high voltage terminal of 2

MV VdG. In high energy region, ions are effectively charge-

stripped in the collision with gas and solid targets. We have
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selected the charge-stripping method because of simplicity of
the equipment.

we had preliminarily measured the equilibrium charge
distribution of carbon ions after passing through both gas
and foil stripper.z) the mean charge state of foil-stripped
ions was higher than that of gas-stripped ion. The thickness
of the foil was about 15 pg/cmz. But, in the energy region of
a few MeV, the foil-stripped ions were spatially spread by
interaction with foils, but the gas-stripped ions were not
practically spread. Then the effective intensities of multi-
charged ions stripped by gas were higher than these by foils.
Then we chose the gas stripper for production of multi-
charged ions.

Referring to Fig. 1.1, we shall state the general
principle of the operation of the apparatus. The singly
charged ions produced in the ion source are extracted,
accelerated by 2 MV VAG and, after energy analyzed,
introduced in this apparatus. The apparatus consists of two
main parts, namely the gas cell (G) and the charge selector
(D), each of which is differentially pumped with independent
diffusion pump systems. In the gas cell, the ions are charge-
stripped by collision of gas atoms. The ions emerged from the
gas cell have several charge states. These ions are
magnetically selected with ionic charge by charge selector.
Then multi-charged ions with definite charge are obtained. A
photograph of the apparatus 1s shown in Fig. 1.2.

The design principle is that no charge exchange process

significantly contributes to the magnetically selected ion
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beam and no beam attenuation effect significantly contribute
to 2 MV VdG beam transport system, even when the gas is fed
to the gas cell at sufficient pressure to maximum efficiency
for production of multi-charged ions.

In Sec. 2.1 of this paper we describe the design and
operation of the gas cell and pumping system, while in Sec.
2.2 a detailed discussion is given for the design of

analyzing magnet.




JAERI-M 86-154

2. APPARATUS

2.1 GAS CELL AND PUMPING SYSTEM
2.1.1 REQUIREMENTS
For the purpose of this apparatus, the following
conditions are required:
1) The gas pressure in the gas cell is required to be
higher than 1x10" 1 Torr.
2) The pressure outside of the gas cell is required to
be lxlO—4 Torr.
3) The inlet and outlet of the gas cell is must be greater
than 2 mm diameter not to disturb the ion beam.
4) The pressure of the chamber where the charge-selected
7

beams are introduced is required to be less than 1x10~

Torr.

2.1.2 CONDUCTANCE AND PUMPING SPEED

First, we must decide the conductance C of the path
which ion beam pass through, for design of gas cell and
pumping speed.

Throughput Q of molecular flow, across which a pressure

difference Pl—P2 exists, is gilven by

Q=C ( P2—P1). (2.1)
Throughput Q is also given by
dap
Q=PS +V— (2.2)
dt

in terms of pressure P, speed of evacuation S, volume of

3) In steady state, aE _ 0, the

vacuum vessel V and time t. Gt

equation (2.2) yields
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Q =P S. (2.3)

Hence, equations (2.1) and (2.3) vyield,

Pl S =C { P2 - Pl ) (2.4)
P2
S =C { EI' -1). (2.5)

Now, as P2/Pl should be greater than 103, equation (2.5)

vields
P 5
2
Pl == - {2.6)

Then, in this case of PZ/P1>>1, the pressure ratic is given

by the ratio S to C.

2.1.3 PUMPING SYSTEM

As the throughput Q to the gas cell is large, it is
important to correctly decide parameters of the vacuum pump
system. We adopted the 6" o0il diffusion pump with cold trap
for main pump.

A pumping speed, ultimate vacuum, maximum throughput and
ultimate forepressure of the diffusion pump was 1200 §/sec,
1x10_8 Torr, 2 Torr 4/sec and 0.65 Torr, respectively. In
Fig. 2.1 shown is a Q-P diagram. Curve DP shows inlet
pressure as a function of throughput Q. Curve (DP)B shows a
maximum forepressure. Curve (DP)B is approximated to straight
line. From the diagram, throughput of 0.6 Torr L/sec is
obtained using the forepump with pumping speed of 10 L/sec.
We used the rotary pump with a performance which is shown by
curve RP in Fig. 2.1. Using the rotary pump the maximum
throughput of diffusion pump can be attained. It is needed to

prevent the contamination by backstreaming to the work
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chambers. All the diffusion pump systems are egquipped with
water-cooled baffles. Especially, diffusion pump systems B
and C are equipped with liquid N2 cold traps, as charge
states of ions emerged from gas cell may not change by
collision of hydrocarbon molecules. The effective pumping

speeds should be fairly decreased for both pump system.

2.1.4 DESIGN OF GAS CELL
The gas cell must be filled sufficient target gas atoms
to reach the charge-equilibrium thickness of fast ion beam.

2)

As the results of preliminary experiment, the target
thickness should be thicker than lxlO14 atom/cmz. If the
length of gas cell is 30 cm, the gas cell pressure is about
1x10—l Torr. As pressure of beam duct of the accelerator
system is about 1x10_7 Torr, the gas cell must be
differentially pumped. The pressure outside of the gas cell
is decided by the conductances of beam inlet and exit of the
gas cell and the pumping speeds of differential pumping
systems. The effective pumping speed of the pumping system A
is 480 4/sec. The effective pumping speeds of the pumping
systems B and C are 280 &/sec. These values are included
conductances of a cold trap, a gate valve and a vacuum

3

piping. In the pumping system B, we assume PG/PB=10 . then

conductance CB between the chamber (B) and the gas cell (G)

G

is given by equation (2.6) as follows:
= 3 _
CBG = 280/10° = (.28 {(L/sec).
If the beam exit is assumed to be an aperture, diameter of

the aperture is 1.6¢. Since the diameter of ion beam from
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accelerator is about 3¢, the ion beam is cut off by the
aperture. Making the beam inlet and exit in conduit tube, the
inner diameters of these can be enlarged as the same

conductance CB The conductance of conduit tube is given by

G

cC =97.1

(L/sec) (2.7)

where
a: radius of tube (cm)
L: length of tube (cm)
In table 2.1 the conductance of conduit tube is tabulated.
From the Table 2.1, proper dimension for this apparatus is

found as:

L 50 mm

2.5 mm

a

2.1.5 MANUFACTURING OF VACUUM SYSTEM

In Fig. 2.2 shown is the pumping system. The main part
of the vacuum system is made of type 304 stainless steel and
sealed with use of viton O-rings and copper gaskets. The base
pressure 2%x10"° Torr in the gas cell, 1.5%1077 Torr in the
chamber (A}, 4x10°% Torr in the chamber (B) and 2x10°8 Torr
in the chamber (C) can be easily attained. The gas effused
from the gas cell is pumped by 6" diffusion pump systems
attached to the chamber (A) and the chamber (B}). The chamber
(A) and the chamber (B) are separated from gas cell by a 5 mm
diameter and 50 mm long conduit tubes. The énalyzing tube in
the analyzing magnet (D) is differentially pumped by 6"

diffusion pump systems B and C. In Fig. 2.3 shown is the gas
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pressures of chambers (A), (B) and (C) as a function of gas
pressure in the gas cell. From the figure, it is found that
the pressure differential of 103 was obtained between gas
cell and both chambers (A) and (B). Therefore, no charge
exchange processes significantly contribute to magnetically
selected multi-charged ions. The total vacuum system is
designed to keep a clean vacuum for the whole system except

for around the chamber (A).

2.2 CHARGE SELECTOR

2.2.1 REQUIREMENTS

1) The resolution; Am/m = 0.1 was aimed at in this analyzer.

2) The largest transmission possible, making compromise with
the resolution, is required.

3) The mass energy product of the magnet must be 18 MeV amu
same as the magnet equipped at 2 MV VvdG accelerator of

JAERT

2.2.2 I0ON OPTICS OF MAGNET

The ion orbit is shown in Fig. 2.4. Magnetic field is
enclosed two plates between v'P and y"P intersecting at the
angle ¢ and extending perpendicularly to the plane of the
drawing. If an ion beam is injected into a point O0' at the
right angle through trajectory x'0', after traveling through
a magnetic field along circular arc of radius a, the beam is
ejected from a point O" at right angle. The.trajectory
Xx'0'0"x" is named a central orbit. The image formation is

discussed based on the axis of co-ordinate x'0'0O"x".
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Ton beam is emitted from a point A'(2',b) which is
situated near the central orbit in the field free space. The
beam is injected into a magnetic field at angle g' to the
normal n'. The beam travels through the field along circular
arcs of the radius r and the beam leaves from the field at
angle g¢" to the normal n". The beam is focused in a point
A"(4",b"). Where, position A' and A" are represented by the
(x',y') co-ordinate and (x",y") co-ordinate, respectively.

Then, conditions of the image formation are given by the

following equations,4)
(8" - gy - g) = £2 (2.8)
or
1 1 1
+ = — (2.9)
L' - h 2" - h f
where
g = a cot ¢ (2.10)
h =~ a tan (9$/2) {2.11)
a
f = - (2.12)
sin ¢

If equation (2.8) or (2.9) is satisfied, the y" co-

ordinate of the image point A", b" is given by

il f
b* = (B+y)a(l+—) -b" (( ——) (2.13)
8" - g L' - g

where

v Vo (1 + B )

m = m, (I + v ).
The image multiplication rate G and the dispersion

coefficient K are defined by
|o" | £
G = | ) = —_— (2.14)
|b'| R=0 L' - g
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£
K=a(1l+ -—m——m, (2.15)
L' - g
On the right hand side of equation (2.13), the term

corresponds to the mass dispersion and the second term
corresponds to energy dispersion. Then, the mass dispersion

and the energy dispersion are defined respectively by

D

(B +y)a(l+ —70—) (2.16)

£

d (2.17)

Il
jos)
s
=
+

L' - g
Let the width of the incident slit S, in the case of parallel

beam, the mass resolution R is defined as follows;

m 1
R = — = — e e
Am 25G | AV
K \Y

a
= — (2.18)

AV
.S‘i'c':l—V

2.2.3 RELATION BETWEEN Va { ACCELERATION POTENTIAL OF ION )

AND H ( MAGNETIC FLUX DENSITY IN THE MAGNET )

2 2
5 @ H

v, = 4.28x10 (2.19)

o=

or
1
l_[gv 2
s .
a

3

H = 6.94x10° (2.20)

Q)

m ; the mass expressed in atomic mass units

e ; the charge expressed in number of
electronic charges on the ilons

Va; acceleration potential of ions in units

of electron volt
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H ; magnetic flux density in the magnet

expressed in units of Gauss.

2.2.4 DESIGN PRINCIPLE AND EXPECTED CHARACTERISTICS

The characteristics of the manufactured magnet is
tabulated in Table 2.2. Taking account of allowances of the
target room, we chose a small magnet. But, as mentioned in
Sec. 2.3.1, mass-energy product must be 18 MeV amu. And it
should be expected that the magnetic flux density is less
than 10 k Gauss. Since the maximum acceleration potential is
1.8 MeV, the radius cf central orbit a is given using
equation (2.19)

a = 650 mm.
A diffraction angle is decided to be 20°, then the width of
magnetic pole becomes to be about 70 mm. By equation (2.12),

the focus lenagth f is calculated to be 1900 mm.

Table 2.2 Performance of analyzing magnet

Radius of central orbit 650 mm
Diflection angle 20°

Gap of magnetic pole 15 mm
Width of magnetic pole 70 mm
Maximum magnetic flux density 10 kG
Méss-energy product 18 MeV amu

As ion beam from 2 MV VdG is shaped at most 3 mm

diameter by the conduit tube equipped at the gas cell, the

e e 2 50 v i e S
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gap of pole piece is sufficient for the ion beam to pass
through.

Fig. 2.5 shows the calibration curve of the magnetic
flux density of the magnet to the electric current through
the magnetic coil. Figs. 2.6 and 2.7 show the magnetic field
distribution parallel and perpendicular to the ion beam
direction, respectively. The effect of fringing magnetic
field tco the focus point has been corrected by the method of
so called "gap width correction".

Since the ion beam is regarded as a parallel beam, the
cross section of ion beam shaped in circle. The resoclution R
is calculated from equation (2.18)

R = 650/5 = 130.

The resolution is sufficient to the purpose of charge

selector.
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3. EXAMPLES OF APPLICATIONS

Using the gas stripper cell described in this paper, we
have performed the measurement ¢of charge state distribution
of helium passing through the argon gas as a function of
target pressure in the energy region between 0.3 and 1.5 MeV.
Ion beams were introduced to gas cell in which the ion beams
were charge-changed by argon and then charge state selected
by the magnet. The target pressure was measured by means of a
Schulz gauge and an ionization gauge. The current of ion beam
components was measured by a Faraday cup. The neutral beam
component was also measured by the Faraday cup, which was
used to measure the secondary electrens ejected by Heo beam
impact onto the cup. the detection efficiencies of neutral
beam were measured before and after the each measurement.
Typical beam current of incoming He® beam was about 60 nA.

In Fig. 3.1 shown are the pressure dependencies of the
fractions of outgoing Heo, He' and He2+ beams (Fi) normalized
by intensities of the outgoing ion beams at beam energy of
1.0 MeV, The figure shows that equilibrium charge by argon
gas is attained at the pressure higher than 10_1 Torr.

In Fig. 3.2 shown are the pressure dependencies of the
fractions of outgeing Heo, He+ and He2+ heams (F'i)
normalized by intensities of the incident ion beams at beam
energy of 1.0 MeV. The figure shows that the maximum values
of F'0 and F'2 is not identical with the equilibrium value.

F'O and F'2 is highest at the gas cell pressure of about

5xlO_l Torr. This pattern may be caused by increase of
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angular spreading of scattered helium with the target gas
atoms.
In Fig. 3.3 shown are the equilibrium charge state
0

fractions of He ', He+ and HeZ+ beams, F F100 and F

Qoo L

respectively, in argon gas with the data measured by

) 6)

Snitzel5 and Allison for comparison. The measured
equilibrium charge state fraction is in good agreement with
the data of Snitzer where they overlap at 0.3 MeV. It 1iIs seen
in the Fig. 3.3 that the data measured by Allison, by Snitzer
and by present authors is consistently connected over the
energy region higher than 10 keV.

It is found that F2 is increased with increasing

incident energy and at the energy higher than 1.0 MeV, more

than 80 % of He  beam is converted to He2+ by this apparatus.
At the minimum energy of 0.3 MeV, F, is about 10 %, then He2+

2

beam is applicable to atomic collision experiment.
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4, CONCLUSION

The performance of the experimental apparatus has been
carefully examined. The apparatus constructed works well as
expected by the design. With use of this apparatus, we intend
to investigate atomic collision processes taking part in

multi-charged ions.
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Fig.l.2 A photograph of the gas stripper cell
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A Schematic diagram of the pumping system: IG;
ion gauge, CT; cold trap, DP; diffusion pump, RP;
rotary pump, APC; automatic pressure controller,
S5G; Schulz gauge.
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Fig.2.3 The gas pressure of chamber (A), (B) and (C),

assigned in Fig. 2.2 as a function of gas cell

pressure.

Fig.2.4 Diagram showing the ion orbit in the sector type

magnet.
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Fig.2.5 Calibration curve of the magnetic flux density of
the magnet to the electric current through the

magnetic coil.
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Fig.2.6 Magnetic field distribu- Fig.2.7 Magnetic field distri-
tion parallel to the ion bution perpendicular to
beam direction. the ion beam direction.
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The pressure dependencies of the fractions of

0

outgoing He", He® and He2+ beams (Fi) normalized

by intensities of the outgoing ion beams at beam

energy of 1.0 MeV.

IIIIr T TIIIII[' T FlTlT”f T ITIIIII‘ T T TTITT

]0, = e © Tas © ® —

F ®og YA E

F a 4 s, -

o .t e PO

A & &
- ‘A By ~
o
— ‘U] E 4 . X @ o
o~ E Y e(-) E
_ C He* - Ar {IMeV) e 3
c " N B
e 0 A ’
10 b . @ F' =
S E o+ a k', 3
[ - -
®
L L @@ o _
i o °® ° @09

10" & ® ® =

= ® o] =

- ® ®9

- @ @ @

ot bunl ! el g v ernd e
to- 10! tg? 1g”! 1g°

Pressure {Torr)

The pressure dependencies of the fractions of the

outgoing Heo, He' and He2+ beams (F'i)

normalized by intensities of the incident ion

beams at beam energy of 1.0 MeV.
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Fig.3.3 The equilibrium charge states fraction of He
+ 2+
He and He beams (Fim) in argon gas for the

beam energy between 0.3 and 1.5 MeV.



