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AN ELECTROMAGNETIC ISOTOPE SEPARATOR .

BY
Jiro MUTO and Kotoyuki OKANO
(Received February 6, 1958)

ABSTRACT

In Kyoto University an electromagnetic isotope separator was constructed and
has been in operation since September 1956. This article contains the description
of main features of this machine and the discussions of experiments made on ion
source efficiency as well as on the resolving power, together with some descrip-
tion of the separation of isotopes of neon, magnesium and silicon.

1. Introduction

Before the Second World War, it was very rare that the separated stable isotopes
were applied in scientific researches. After the War, however, the isotopically pure
or enriched samples have been employed in many scientific researches, because of the
technical development of isotope separation acquired in the uranium separation project
in U.S. A,

Nowadays, large isotope separating machines of production type which have the
ion current of the order of 100 mA are in operation at the Oak Ridge National
Laboratory in U.S. A. and at the Harwell Atomic Energy Research Establishment in
England. In other European countries, i.e., France, Denmark, Sweden and others,
comparatively small machines are constructed and in operation aiming at scientific
researches.

In Japan, a model testing machine of a large isotope separator of Smythe type
magnet was constructed in Osaka University (1) and has been in operation since 1953,
and a machine of beam radius of 80cm was constructed in 1955 at the Institute of
Scientific Research in Tokyo (2), and now in the Institute for Nuclear Study of Tokyo
University a comparatively large machine is under construction.

At Kyoto University, the construction of a medium size isotope separator began
in 1955 and was finished in autumn, 1956 (8). Later, the test operation of the apparatus
was done and some separated isotopes have been obtained in appreciable amount by
this apparatus. In the following sections, the outlines of the isotope separator in
Kyoto University are described, and some detailed data obtained in its operation are

discussed.
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2. Outlines of isotope separator

The main specifications of European isotope separators as compared with Kyoto-

Separator are listed in Table 1. This apparatus is composed of a main magnet, an

ion deflection chamber, a low voltage arc type ion source, and an ion collector. These

Table 1.
Year of TP Of | oo | Radius | Weight  Maximum| MaXimum
Situation gcomple- magnet tic gap of the of magnetic tion Literature
s (deflection magnet | magnet field voltage

' angle) (cm) (cm) (ton) (gauss) (KV)
Copenhagen 1941 90° ! 6.0 80 4.5 8,000 70
Stockholm 1948 90° | 103 | 160 | 65 3,500 60
Amsterdam | 1952 180° 17.0 100 | 40 3,150 25
Saclay ( 1952 60° 6.6 50 5 12,000 35 7, 8
Kyoto ‘ 1956 60° 8.0 60 8,000 50 3

Fig. 1. Photographic view of isotope separator
in Kyoto University.

main parts of the apparatus, as
well as vacuum system and driv-
ing electric circuits, are described
in the following sections. The
main features of this apparatus are
illustrated in photographic view of
Fig. 1, and the vertical sectional
view of the main body is shown

in Fig. 2.

The magnet

The shape of the magnet pole
face is pentagonal, the distance
between the pole pieces being 8.0
cm, and their maximum usable
width is 22cm (edge length—40
cm). This usable width can be
varied by the movable wing
shutter, so that the half diverging
angle of the ion beam entering the
magnetic region from the ion
source is varied from zero to the
maximum of 6° (~0.1 radian). The

ion optical relations of ion beams
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COLLECTOR
DEVICE

ARC BOX oF
ION SOURCE
ACCELERATION
ELECTRODE

ADJUSTING
DEVICE OF
ION SOURCE

'\“’”‘—m _____
NG YOKE OF MAIN -
T\% YOKE OF MAGENT

™ ION SOURCE
T MAGNET
L

I RO S O
0 20 40 60 80 100 c¢m
Fig. 2. The vertical sectional view of the main body of the separator.

are illustrated in Fig. 3. As is COLLEC'L‘()R‘/
well known, the mass dispersion
D and the second order aberration
B in the symmetric arrangement
of 60° wedge type magnet are
represented as follows:

D:7’07

B = d*ry,

where 7, is the radius of curva-

Fig. 3. Ion optical relation in the separator.

ture of ion beam and a is the
half diverging angle of primary ions. In this apparatus 7,=60cm, and so the distance
between the ion beams of atomic mass number A and A--1 at the focal point is
represented by

1.7 60
DZ A Acm.

Therefore the image displacement for one atomic mass number difference at A=200
(mercury ions) is 3mm. On the other hand, the width of the image is represented
by
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B--(width of the slit of ion source).

Thus if the slit width is 2mm, « is permitted to be 0.04 radian (~2.3°), for the
separation of neighbouring isotopes of mercury. These values show that the machine
is capable of separating the isotopes of almost all elements. However, these values
are for ideal cases, and in practice they are considerably affected by many factors;
namely (1) stability of ion acceleration voltage, (2) homogeneity and stability of
magnetic field strength, (3) scattering of ion beams by residual gases, and (4) broaden-
ing effect of space charge on the path of ion beams.
Because of the so-called fringing effect

of the magnetic field boundaries, the actual
magnetic pole boundaries were retired by 10 )
9cm from the ion optical boundaries.

The configuration of magnet yoke
(Figs. 1 and 2) is of C type, and its gap
is vertical. The iron of the magnet is a
low carbon steel (carbon content being less
than 0.06%5). Two exciting coils are pro-
vided and each coil consists of 6 layers of
150 turns of copper ribbons and of the
cooling copper sheets soldered to the cool-
ing pipes at the round edges (Fig. 1).
Total electric resistance of two coils in

MAGNETIC FIELD STRENGTH (in K GAUSS)

series is about 3.2 ohm, and the temperature
rise of the coils is 25°C after loading the 0 . , . ; \ .
current of 37.5A for 5 hours at room tem- 0 20 40 60

perature of 16°C and with the circulating COIL CURRENT (in A)
Fig. 4. Excitation curve of the magnet.

rate of cooling water of 32litre/min. The
magnetic field strength at the centre of the magnetic gap is measured and the

excitation curve is illustrated in Fig. 4.

Deflecting vacuum chamber

The vacuum chamber is a pentagonal rigid box constructed with two parallel iron
walls of 8cm thickness, and five side walls of brass. The iron walls serve as the
magnetic pole pieces by fixing the chamber between the magnetic yokes. The me-
chanical accuracy and strength of the chamber is maintained by the five spacers at the
corners as well as the five side walls fixed to the iron walls. On the other hand,
the vacuum seal is achieved by soldering the edges of thin copper sheets which are
also soldered to the boundary edges of each iron walls and brass side walls by hard
solder. The mechanical error of the magnetic gap distance is +3.5/100 mm over the
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whole pole face, so that the homogeneity of the magnetic gap distance is within the
error of 0.05%. On the inner surface of the chamber, thin exchangeable linings of
copper sheets are provided for the protection from the erosive effect of various
material ions.
Vacuum system

Two sets of evacuating pumps are employed. Each set of pumps consists of an
8 inch oil diffusion pump with the pumping speed of 1250 litre/sec at 2107 mmIHg
and a Kinney type rotary

. . ION SOURCE COLLECTOR
pump with pumping speed of &z T T f{ﬁ_
680 litre/min  at 1 mmHg. ‘E-fq E E—T—
Arrangement of the vacuum % HAND VALVE LQUIJ AIR
pumps and many valves are - COMPRESSED AIR ~ TRAP

. . . O"LRAUN(J .
schematically illustrated in VALVE
Fig. 5. Some of these valves

e 8" OIL s
are operated by the compress- )h«b USION]
; ) - PUMP

ed air supplied through the \{-t::z
electromagnetic valves from a K-
a 4atm. air compressor, and ™ IRESERVOIR
these valves can automatically ROTARY-~

PUMP

shut down the pumping sys-
Fig. 5. Vacuum system of the isotope separtaor.

tem for the protection of the
apparatus under various accidents, namely the stopping of the cooling water and
electrical power supply, or the sudden leakage in the vacuum system.

The exchanges of the filament of ion source, the whole assembly of ion source
and the ion collecting devices may be done, keeping the vacuum of the main parts
of the apparatus. The adjus- .
tments in all directions and
slight rotations of ion source

position are possible without

affecting the vacuum.

(==

Ion source

ce used for gaseous samples

\

Fig. 6. Ion source for gaseous samples
. arc box (carbon) 2. slit 3. discharge slot
. filament 5. filament cover
. pole of magnet

3

Structure of the ion sour- % d
are illustrated in Fig. 6. A /
3

2

carbon box placed between
the magnetic pole tip is the

O

arc chamber. Electrons emit-

o

ted from the wolfram filament
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enter through the discharge slot (4 mmx8 mm) of the side wall of the box along the
magnetic field direction, and the plasma column of arc is produced behind the narrow
slit (I~2mmx50mm) of the front wall of the arc box. The sample in gaseous

state is introduced into the arc box through a pipe with a gas leak adjuster outside
the apparatus.

For solid state samples, the crucible of alumina heated by the molybdenum wire
is furnished under the arc box (Fig. 7). The sample in the crucible is evaporated
at an appropriate temperature maintained by the automatic controller with thermo-
couple temperature guage. Evaporated gas of the sample is led to the position of arc
column by the defining chimney of stainless steel.

ACCELERATION ELECTRODE

ION SOURCE

IR
o

CITIIYS Y

74

Fig. 7. Ion source for solid state samples and acceleration electrode.

The woliram filament (1 mm dia.) of 6 turn spiral (outer diameter=4 mm) is
heated by direct current of maximum 50A and is maintained at the negative potential
of maximum 300 volts with respect to the potential of the arc box. The repeller
electrode plate of stainless steel placed at the position opposite to the electron intro-
ducing slot is insulated from the arc box, so that the potential of this electrode is
negative as the result of the accumulation of electron charges, and thus it serves to
increase the jonization efficiency by the electron reflection.

The whole system of the ion source is in the positive potential (maximum 60KV),
and the extraction of ions as well as the acceleration of them are carried out by an
acceleration electrode in the ground potential. This cylindrical electrode of stainless
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steel has a bill of carbon at the end faced to the ion source slit, and the length of
acceleration gap (Fig. 7) is finely adjustable by a screw outside the apparatus. In the
cylinder of acceleration electrode, a grid of molybdenum fine mesh is spread near
the carbon bill, and is electrically insulated from the electrode so as to supply negative

potential of several hundred volts for the use of space charge compensation.

Stabilization of magnetic field

The magnet coil current is delivered by a 10 KW motor generator and is stabilized
by a high current regulator (2). The schematic circuit of this regulating system is
illustrated in Fig. 8. Total magnet current gives a voltage drop over the 40 m{ man-
ganin resistance series to the main coil circuit. The difference between this voltage

LR
SERIES P 2 OLR. Chor EXCIT-
FIELD I ' ¢ YbC AMETER  |PER ING
T0KW 4 CURR.
EXCITING + MOTOR DRIVER| SOURCH
COIL GENERATOR 1Ko |
—El [‘” HELIPOT 1
;4
- o N.C.
40ma 3 5v 5 cuor->™ ac. T pETE- ANLD
MANGANIUM ¢ "oy l } PER AMP CToR POWER
SHUNT | BATTERY — _— AMP.
MAGNET COIL = DETE-
CTOR
PULSE
AMP,

Fig. 8. Magnet current stabilizer.

and the voltage of a standard battery is amplified by the system of a 400 cycle
chopper-converter, an a.c. amplifier, a phase detector, and a d.c. amplifier, whose
output voltage controls the grid of valve 807 output power stage. The output current
from the cathode of the valve 807 is fed back to the field coil of main d.c. current
generator.

The stability of this current supplying system was measured to be within the
deviation of 1/4000 at the current of 10A during 3 hours continuous operation.

Stabilization of acceleration voltage

Acceleration voltage is supplied by a d.c. high voltage source of rectifier-condenser
system, and is regulated (10) by the valve 5131 (Fig. 9). Divided voltage derived
from a carbon resistor is referred to the voltage of standard dry cells (67.5V, 135V,
or 202.5V), and the difference of these voltages is amplified and this modulates the
4 MC high frequency oscillation. By a well-insulated high frequency transformer, the
modulated high frequency oscillation supplies the control voltage through a rectifier
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5T31
HIGH ) { STABILIZED
AC. VOLTAGE ! D+ 10 ~60KV
200v RECTIFIER b 1 .
: § Lty 60 MO
REGTIFIER

boeral INSULATED R.E.

TRANSFORMER ;
fj i 50 K& HELIPOT

3 50KeW.W

OSCILL- c-—~3
ATOR . g S50KQ
o—
- - e 875V %3 3 S0Ka
OSCILLATOR].._| DIFFER- J ot

AMPLITUDE ENCE =
MODULATOR AMP. 7R 200 K W.W,

L )

+BIAS
Fig. 9. Acceleration voltage stabilizer.

unit to the grid of valve 5T31. The acceleration voltage can be adjusted precisely
to any desired value by the switching of 50K& resistors and by the continuous
rotation of helical potentiometer at the lowest stage of dividing resistors.

The stability of this voltage supplier was measured after 30 minutes warm up
period to be about 1/2000 at the voltage of 25 KV.

Collector device

The collector device consists of a framework or a plate cooled by water and the
attachments of various type collecting pockets. These collecting pockets are to be
made of the materials suitable for the properties of ions collected. Some materials
were tested in various forms. For the magnesium ions stainless steel boxes, copper
or graphite pockets were tried, and for the neon ions silver plates were used.

The whole assembly of collector devices is movable along the beam direction and
may be set easily at the desired position (Fig. 10).

0 2 4 6 8 1D cm
Fig. 10. Collector device.
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3. Performance of the separator and discussion

The following three properties are essentially required for the isotope separator,
that is

(1) collected ion current is as high as possible ;
(2) the resolving power is as large as possible;
(3) the operation of the apparatus is as stable as possible during a long period.

In a primary test operation with argon, neon, or magnesium ions, we could not
obtain satisfactory results in these respects, so various improvements and adjustments
have been done. The knowledges obtained in this procedure will be discussed in the

following.

Increasing of ion source efficiency

In order to obtain high collector current, it is important to have as high ioniza-
tion efficiency as possible. Efficiency of the ion source is indicated by the minimum
pressure of gas necessary to ignite the arc, so the factors deciding the minimum
operating pressure in the ion source were con-
sidered.

In igniting the arc, it is considered that the
surface of the electron emitting filament is
surrounded by the double layer of ions and
electrons (11). From this idea follows the

relation :

] e S,_ 7‘ »\/ -m': ] + s . ‘
Mg Fig. 11. Arc column.
where J. and [, are the currents of electron and ion, . and . the masses of eleciron

2

and ion respectively, and 7 is a correction factor of }g—~~9— .
Pe

On the other hand, the following relations hold independently, for an arc column
of flat type (Fig. 11):

I =T Gy,

]e = Aje:

where N,: density of neutral molecule,
V,.: wvelocity of neutral molecule,
je: current density of electron,
A=I[t: cross sectional area of arc column (area of electron entrance slot),
A’=Ih: area of side surface of arc column,



346 J. MUTO and K. OKANO

"P(je): mean probability that a neutral molecule is ionized in its passage
through the arc column,
fi: ratio of the number of ions reaching the filament to the total number

of ions produced by ionization.

The function P(j,) depends on V, as well as on the shape of arc column, and for
small values of j. it is nearly proportional to j..
From the above three relations it is derived that
M’ZF%\/ 577% 253517?5 7z_1f7
where P(je)=t7eLo(je).

According to this relation it is evident that P,(j.) and f; must be increased to
decrease the minimum value of N,. To increase f,, we made some improvements
over the area, form, and depth of electron entrance discharge slot, and adjusted the
filament position to the discharge slot. To increase Py(j.) we furnished the floating
type repeller electrode for electron reflection (8), and made some adjustment of the
chamber position relative to the source magnet. Moreover we increased the number
of turns of the filament spiral, and covered the filament part outside the arc box to
increase the density of neutral molecule near the filament. In the case of solid sample,
e.g. magnesium, we also employed a vapour confining chimney of stainless steel (8)
in the graphite arc box as a reflector of neutral atoms and radiation. After these
reformations the efficiency of the ion source appeared to be remarkably improved.

In Table 2, the achieved performances under normal operation of the ion source
are listed and compared with those obtained before.

In the case of magnesium, a remarkable improvement was readily seen by the
fact that the glass of the peep window of the ion source parts which had been silvered
by the vapour of neutral metallic magnesium in a minute after igniting the arc,
remained almost un-silvered during several hours’ operation.

Table 2.

. . . Argon Magnesium
Operating conditions of ion source

before | now before now

Gas supply (cc N.T.P./hour) 250 50 l
Arc discharge current (A) 05 | 05~1 0.2 §042~O.8
|
Applicable voltage of acceleration without spark down |
KV 10 30 5%

Collector current (mA) ) |
(no correction for secondary electron emission at the) 02 3 02 | 5
collector, 2a==12° ;
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The relation between the acceleration voltage and the collector current is shown
in Fig. 12, for various values of acceleration current. The acceleration current is a
total load current of the high tension set, which includes total ion current extracted
from the ion source, and the small contribution of electron current to the ion source.
The value of this acceleration current is nearly constant with the increase of extraction
voltage, because the current value is determined mainly by the ion density of the
ion emitting plasma surface and its area. It is readily seen in Fig. 12 that at the
lower acceleration voltage the collector current is poor. This is due to the space
charge divergence of the beam at the accelerating gap at lower voltage, and will be
improved by the more refined focusing property of the accelerating electrode system.
With the electrode system of this apparatus 30KV is needed for mA-order operation,
and this voltage value is somewhat higher than the theoretically (Pierce’s geometry
(212)) expected one.

In conclusion, the improvement of ion source efficiency lead to the reduction of

20

ACC. CURRENT" 25mA

15 L 20 mA

15mA

10 mA

COLLECTOR CURRENT (MA)
5
T

S5mA -
N

L) i

0 : : 5 i
0 5 0 15 20 25 30 35

ACCELERATION VOLTAGE (KV)

Fig. 12. Relation between the acceleration voltage and the collector current.
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gas supply, and accordingly permitted the application of high accelerating voltage
without spark down, and decreased the loss of ions scattered by the residual gas, and

then resulted the increases of ion current reaching the collector.

The resolving power and the affecting factors on it

The breadth of the ion beam at the collector is largely affected by the deviation
of focal point, and the minimum beam width obtainable at the focal point is deter-
mined by many factors; namely, the space charge broadening effect, scattering of the
ion beam by the residual gas, ion optical second order aberration and object width,
fringing fields effect, inhomogeneity of the initial velocity of ions, and the local in-
vhomogeneity of magnetic field strength. Of these, the last two are estimated to be
Vvery small. Because the measured ripple voltage of the acceleration at 30KV is
about 10V peak to peak, and considering that in the low vlotage arc type ion source
no appreciable voltage gradient exists, initial velocity inhomogeneity is less than

1/1000. The local magnetic field inhomogeneity has not been measured but must be

+10
45+
s [
2 ok
e F
z I
g [
g I

2 -5hk «

S | =

: ; N

: i =

~10 |- 5

—400%

2y

THEORR/ _

—— TR ey, . o’

0 NGPOWER é

1200%

1] @ A

E 4100

i I L ‘ : ' gi

O 1 , : y 5 6 7

BEAM DIVERGING ANGLE 2o (DEGREE)

Fig. 13. Variation of focal point (®) as a function of beam diverging
angle 2@¢. The origin of the ordinate is the expected focal point
(Fig. 16), and positive sign means the direction opposite to the deflec-
tion magnet. Limit of error in focal point determination is about
+2cm. Beam resolving power obtained at each angle is also shown
(21). Theorteical resolving power was calculated considering the object
width to be that of ion source slit, 2 mm. These data were obtained
by the use of the Mg?! ion beam accelerated to 26 KV, and the collector
current was 4.5 mA at 2¢=6.4°.
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small considering the mechanical accuracy of the length of magnetic pole gap

(i% mm). So, in the following, we will discuss the other factors.

To determine the true focal point, a Faraday cage with a slit of 1.5 mm width
and 40 mm length was mounted on a movable collector plate, and the ion beams were
scanned electrically by a motor driven helipot. The output current from the Faraday
cage was recorded on an electronic recorder chart. The spectrum of the images was
thus measured at the various positions along the central axis of the collector side arm,
and the base width of the beam as well as the variation of spectrum shape were
taken as a measure for determining the focal point.

The focal point thus determined was found to vary considerably with the beam
diverging angle, ion current intensity, or ion source conditions. Fig. 13 shows the
observed variation of focal point with the diverging angle 2. Fig. 14 shows the
variation of it with ion current intensity. Beam resolving power observed (calculated

from the width at 1 of the maximum) is also shown in each case. Other parameters

10
such as vacuum condition and acceleration voltage were noticed to affect the focusing

+10
45 b
[0 =
= L
5
z 5 s
o 4
. - -
2 | -
10k 0
g -10 &
=T Z
L 1400 ©
~
~300 Q
jal [=2]
THEORETICAL RESOLVING POWER ~1200 2,
® " 100 3
&
i 1 | S | I3 1 L L IO 20 IO 3 m
01 1 10

BEAM INTENSITY (mA)

Fig. 14. Variation of focal point as a function of beam intensity.
Coordinate of focal point is taken as in Fig. 13. Limit of error in
focal point determination is --2cm. Beam resolving power ob-
tained is also shown. Mg? ion beam was used and beam diverging
angle 2a¢ was 6.4°, acceleration voltage being 25KV,
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property in smaller extent, but the exact relations were not examined.

Theoretically, if the ion beam of the intensity of 1 mA/cm or more were not
neutralized at all, it would diverge outside at the exit boundary of the magnetic field
by its own space charge, and would have electric field of about 100 volts/cm at the
surface (Fig. 15). In practice, however, beam absorbs electrons created by the ioni-
zation of the residual gas, making itself a kind of plasma. An imperfectly neutralized
part of the beam, however, produces electric field in the beam. This field makes the
trajectory of the charged particle parabolic, and leads to the focal point displacement
(Fig. 16). By the two-dimensional calculation of the path of ion beam, postulating
the beam intensity to be equal to any direction, focal point displacement 4f is obtained
to be

e 5l;s 2
Af““zvayor

where E, is the electric field at the beam surface and V is the acceleration voltage.
E, indicates the degree of neutralization and is determined by the rate of production
and loss of slow electrons. E; is not considered to depend on « markedly, and so
the above relation explains the 1/a dependence of 4f as observed in Fig. 13.

Beam intensity modulation due to plasma oscillation with a frequency of about
15~50 KC was observed, which makes the space charge neutralization incomplete, and
results in the increase of E;. The ratio of the amplitude of this high frequency
current to the time averaged total current changed with the ion source conditions as
is shown in Fig. 17. This will explain the focal point variation as shown in Fig. 14.

The focal point displacement caused by the variation of virtual object point was
estimated to be maximum --2cm~ —5cm. This may also account for a part of the
observed one.

From the above expression of 4f and Fig. 13, we can conclude that if no space
charge effect existed, the ion optical focal point is deviated by (—16%2)cm from
the expected one. This means Z2cm over correction of the magnet boundary (9cm
correction was made for 8cm gap length), although focal point displacement 4f, due
to space charge, partly compensates this circumstance. These relations are presented
in Fig. 16.

Beam scattering due to residual gas was found to be appreciable at the pressure
above ~5x107°mmHtg, especially in the case of rare gas ions or heavy ions. On
the other hand, below ~2xX10-°mmHg, space charge compensation became insufficient,
and considerable broadening was observed with the Mg* beam of a few mA intensity.
But around 1x10~°mmHg, beam width wversus pressure relation was rather {flat,
although these absolute pressure values would vary somewhat with the nature of the
ions and the residual gases.
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intensity. The points (& show the modulation ratio 4I/I, and the
points [] show the oscillation frequency. 47 is a peak amplitude of
modulation and 7 is a time average value of beam current.

Stray magnetic field of a few hundred gauss due to ion source magnet exists
behind the accelerating electrode as well as between the accelerating gap. It is trouble-
some because the ion beam receives slight deflection in passing through this region,
resulting the deflection of beam centre axis of several degrees in light element ions.
This deflection can be corrected to some extent by adjusting the position of ion source
chamber relative to the accelerating electrode, though this procedure sometimes results
in broadening the object width. In view of space charge compensation, however,
this stray field may play as stopping action for the flow of slow electrons, which in
case of no magnetic field flow back to the ion source along the potential gradient in
the beam, and makes space charge compensation insufficient.

In order to stop the flow of slow electrons to the ion source, a grid of fine moly-
bdenum mesh with a potential of maximum —350 volts was mounted behind the
acceleration electrode according to Bernas (8), but it showed no improvement upon
the minimum beam width at the focal point. So the electron flow is considered to
be already prevented from escaping by other effects such as stray magnetic field
mentioned above, and we dismounted the grid.

Curving of beam image at the collector plate mounted normal to the beam direc-
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tion was observed, which is mainly due to fringing fields effect. Radius of curvature
of the image was (80x5)cm compared to the theoretical value (13) of (2504100)cm
calculated with the geometry of this apparatus. This discrepancy suggests other
effects than purely two-dimensional fringing fields effect. Anyway, image curvature
is almost negligible for practical purpose.

In conclusion, we may say that in spite of the complexity of beam focusing pro-
perty owing to the space charge and other effects, appropriate adjustment of the
collector position makes M/4M~150 attainable in normal operation, and M/4M~250

in favourable conditions as can be seen in Figs. 13 and 14.

4. Actual performance of the isotope separation of several elements

In general, charged materials in the arc box of the ion source must be in gas
phase. In this point, almost all the elements are classified into three groups in pre-
paring for the ion source. The elements of the first group have the sufficient vapour
pressure to introduce into the arc box at room temperature; for example, neon,
nitrogen, argon, etc. The second is the group of the elements which can have the
necessary vapour pressure (10~?mmHg) at the temperature of several hundred degrees
centigrade ; for example, magnesium, potassium, calcium, zinc, mercury and so on.
The third group contains the elements the vapour pressure of which does not reach
the sufficient value at the above-mentioned temperature. In many cases the elements
of the last group are charged in the forms of suitable chemical compounds, such as
chloride, bromide or iodide (14).

We tried to separate three elements; neon, magnesium and silicon, each of which

is considered to belong to one of the three groups.

Separation of magnesium isotopes

A piece of metallic magnesium was charged in the crucible of alumina which
was hung under the arc box of jon source and heated by the molybdenum wire. The
temperature of the crucible can be regulated by the temperature regulator with a
mercury switch operated by the output voltage of a thermocouple and maintained at
a constant temperature of ~300°C. On account of temperature gradient which exists
between the sample and the thermocouple junction this temperature is lower than the
true temperature of magnesium sample itself.

An example of the operating conditions of the separator is shown in Table 3,
and an example of mass spectrum of magnesium, obtained by the separator using a
Faraday cage with a slit of 5 mm width (electric scanning) is illustrated in Fig. 18.

As the collector, stainless steel boxes, copper and graphite pockets were tried.

In the case of stainless steel boxes, the films of metallic magnesium accumulated on
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Table 3. Operating conditions of separator in the cases of three elements.

, Magnesium Neon Silicon (SiCly)

Acceleration voltage (KV) \ 30 ‘ 307 31
Acceleration current (mA) 8 25 8
Total collector current® (mA) 5 1.3 0.75
Arc voltage (V) | 40 300 120
Arc current (A) 0.2 0.3 1.6
Filament current (A) 42 | 48.5 47
Gas supply (cc N.T.P./hour) 210 10

Ton source efficiency** (%) B 1 18+
Mean pressure®*** (mmHg) 5%10-6 3x10-° 1.1x10-4
Collection hour (hour) 3 4 3%

* At 20=6.4°.
**¥ Jon source efficiency is the ratio of the number of ions extracted from the ion source
to the number of neutral atoms consumed in the ion source.
T Percentage of Sit is assumed to be 27%.
#%% Reading of ionization gauge calibrated for air.

THART e E 150

Fig. 18. Mass spectrum of natural magnesium. 5mm slit Faraday cage was used as an ion
collector.
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the backward surface of the box unexposed to the direct ion beam easily exfoliated
from the surface. On the surface directly exposed to the ion beam no accumulation
was recognized. In the case of copper pockets, however, the metal films on it tightly
held like the electroplating, and the accumulated amount of magnesium at the
positions of direct bombardments was about 150ug/cm? per hour.

For the ion current over ~200uA/cm?, re-sputiering to the neighbouring walls
increases appreciably, and almost no accumulation is recognized at the directly bom-
barded positions. In the case of graphite collector the re-supttering phenomenon is
weaker so that the efficiency of direct deposition is better than in the case of copper

collector.

Separation of neon isotopes

The collection of ions of gas samples, especially chemically inactive noble gases, is
achieved by the method of ion bombarding. This method was tried by Koch (4, 15)
and by other authors (16, 17), and the calculations about the range of 50kev ions in
metal are presented by Nielsen (18).

We have applied this method to the collection of neon isotopes. The apparatus
of gas supply is shown in Fig. 19, and an example of the operating conditions of

the separator is listed in Table 3.

Hg MANOMETER

.

ADJUSTABLE LEAK

GAS RESERVOIR

OIL~

DEVICE FOR GAS
LEAK MEASUREMENT

\J

Fig. 19. Apparatus for gas supply.

As the collector material, the silver plates were used. The thin silver plates of
1.3ecmx10ecm*0.02cm were polished and heated red hot in the induction vacuum
furnace for about two hours and the absorbed gas in silver was driven out. Then
these degassed silver plates were mounted tightly on the collector plate of the isotope
separator and bombarded by the 30kev ion beams of separated neon isotopes 20, 21
and 22 for 1.5~4 hours with 3~10x A/cm?® intensity. Irradiated plates were removed
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and again heated in the quartz tube induction vacuum furnace to the temperature
slightly lower than before for a few minutes, and the gas evolved from the silver
was collected in a vessel of the volume of 108 cc. The apparatus used in these
gas processings is shown in Fig. 20. The mass analysis of these collected gas sam-
ples were performed by the C.E.C. Model 21-401 mass spectrometer®. An example
of these mass-spectroscopic patterns (after correction for the background and for
time variation of the pressure in sample gas container) is illustrated in Fig. 21.
From these mass pattern the relative quantities of three neon isctopes in each isoto-
pically separated sample were calculated with the correction of A*" and CO,** contri-
butions and are listed in Table 4 together with their collection conditions. The
quantities of impurity gases mainly caused by the absorption of air were relatively
so large that the values of the isotopic purities of the separated neon were not very
accurate. The quantities of separated neon which was held in the collector silver
plates were calculated from the sensitivity of the spectrometer and the spectrum peak
height. The quantities of neon caught and held in the thin layer of metal surface

cannot be increased proportionally to the increase of integrated current of bombardment,

~
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- GAS z S INDUCTION
k= B "
< RESERVOR I~L HEATER
S kctb

L

1 ey
frioema
ROTARY o)
PUMP
Ll DRY ICE TRAP

THERMO COUPLE GAUGE

U%

DIFFUSION
PUMP

ION SOURCE
Fig. 20. Apparatus for gas preparation.

* This mass spectroscopic analysis was carried out by Mr. T. Makita in Sasaki Laboratory
in the Department of Chemistry in Kyoto University.
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Fig. 21. Mass spectrum of sample No. 5. (enriched in Ne?2). Each peak value is corrected

for time variation of sample gas pressure and background of the spectrometer.
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Table 4.
e - o e = = b . . 0 \E
% g % § 5§§ _% Q)fg % P %gg _g §A Isotopic purity (%)
g B D 2 NP2 g EE | BEE | 28| §E
F 5| ZE |585|2%E | EEE zEp EeS
w8l §= 1909518 e 03| 8% Ne20 Nez! Ne??
1 Ne# | 107 | 15 | 19 16 14 | 100435 | 00--04 | 0.0+2.0
2 409 o 401 106
2 Ne 34 | 25 | 55 16 5 (992 T001 00 07| 08 102
3 | Ne |o0s8/S| 41 | s |069/S| 25 |660+98 151432 (189754
4 Ne? 34 | 25 | 057 2.0 28 | 23456 | 00412 |97.746.8
5 | Ne 70 | 41 | 43 33 | 14 | 26 T3l ook10 jora 18
natural neon®¥¥ * 90.92 | 0.257 i 8.82

* Irradiated area could not be measured accurately in this case, so it is designated by S.
** - jndicates the limit of error in linear scale.
% These isotopic abundances of natural neon are the values obtained by A.O. Nier
(Phys. Rev. 79 (1950), 450)

but saturate at an amount of content (as clearly seen in Fig. 22 and Table 4). In
our experiment at the acceleration voltage of 30KV, the saturated value was about
3ug/cm? which is consistent with the value obtained by Koch (4) and Thulin (17).

Separation of silicon isotopes

Silicon is a solid state element which has the melting point of high temperature,
namely 1414°C. But the silicon tetrachloride SiCl, is a liquid state compound that
has the vapour pressure of 22 cmHg at 20°C. We used the vapour of silicon tetrachloride
as sample, and introduced into the arc box through a leak valve as in the case of
neon separation. Silicon tetrachloride and its dissociated product chlorine are both
chemically very active materials, so that the special precaution is needed for the
protection of pump oil, especially of the rotary pumps. For this purpose liquid air
traps were used between the diffusion pumps and evacuated main body. In the
preliminary tests of this chemical effect using another small rotary pump, we have
experienced that if the liquid air trap was not used the oil in the rotary pump became
violet coloured after about 14 hours pumping of the total of 160 cmHg-/ of silicon

tetrachloride vapour.
We observed the cracking pattern that indicated the mode of dissociation of the

molecules in the arc box of ion source. An example (corresponding to the case II in
Table 5) of the mass spectrum obtained by the magnetic field scanning with a deep and

wide slit (5 mm x 40 mm silt) Faraday cage is illustrated in Fig. 23. In this spectrum
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some peaks are assigned to the iron and chromium that should be originated from the
stainless steel sheet in the graphite arc box. The cracking patterns of tetrachloride are
influenced by the conditions in the ion source. But this dependence is very complicated
and difficult to examine because the conditioning factors of the ion source cannot be
stabilized in this apparatus. Also, mass discriminating effect of the ion source magnet
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Fig 24. Cracking pattern of SiCl; and contaminant compounds. lon source operating
conditions in each case are shown in Table 5.

Table 5. Operating conditions in two cases of Si separation

Case 1 Case II
Gas supply (cc N.T.P./hour) 6.5 13
Arc voltage ) 150 150
Arc current (A) 0.9 3.0
Filament current (€:9)] 48 45
Acceleration voltage (RKV) 315 315
Acceleration current (mA) 3.3 15.9
Collector current® (mA) 0.3 1.6
Percentage of Si+** (%) 234 30.4
Ton source efficiency™* (%) 9.9 31.2
Mean pressure (mmHg) 6105 | 1.6x10-*

* At 20=64°

** Percentage of Si ions in the all ions extracted from the ion source.
®% Ratio of the number of ions Sit extracted from the ion source to
the number of neutral SiCl; molecules supplied to the ion source.

was noticeable, and wide beam collection must be employed. Pattern coefficients in
two different conditions of gas supply are shown in Fig. 24, and operating conditions
in these cases are listed in Table 5.

A comparison of these two indicates that the high pressure (strong arc) opera-

tion is preferable with respect to the mono-atomic ratio of cracking pattern.
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The collector box is made of copper plates of 1 mm thick. The operating con-
ditions in actual collection are described in Table 3. After these operations the separ-
ated silicon isotope Si*® of a few mg and Si*, Si* of ~30ug/cm? (calculated from
the integrated current) were obtained in metallic state on the copper surface. As in
the collection of magnesium, abundant isotope Si*® accumulated mainly on the side

wing wall of the collector box rather than on the portion of direct bombarding.

5. Summary

As is mentioned in foregoing sections, the isotope separator of Kyoto University
has the sufficient resolving power (150~250) for the separation of almost all elements,
the good stability for long time operation, and has sufficient ion current intensity
(several mA continuously) for making the isotopically pure samples for the experi-
mental use in physical researches.

About the focusing point variation due to the space charge force acting on the
ion beam, several new remarks and experimental results are presented.

Now, the several experimental researches in nuclear physics are planned by use
of the separated isotopes obtained by this separator.
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