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Abstract

The final transport process of an intense ion beam for heavy
ion fusion is considered. The condition dealt mainly is that
the reactor chamber is filled with a rarefied lead gas

(~ 10_5 torr). In spite of the low pressure of the background
gas, the gas has much influence on focusing the beam through
two effects, namely, stripping of the beam ions by the back-
ground gas and charge neutralization of the beam by the elec-
trons produced from the gas. In the case of a rarefied lead
gas, the repulsive force due to the high charge state is the
dominant effect while it is contrary in the case of a rather
high pressure nitrogen gas (~ 1 torr). Nevertheless, a focal
radius can be within 3 mm under conditions of the entrance
radius of 20 cm, the current of 1 kA, the emittance of

4 x 10_5 and the distance of 10 m from the entrance port of
the chamber to the position of the target. The accuracy of the
beam divergence at the entrance port should be within 0.5% if
the variation of the spot radius at z = 10 m has to be limited

within 10%.




I. Introduction

The final focusing of an ion beam in a pellet fusion reactor

is considered. Up to now, there seem to be two interesting
regimes for the conditions in the reactor chamber. One possi-
bility is a rather high gas pressure ~ 1 torr [1,2]. In this
region, the beam ions in the beam are rapidly stripped to a

very high charge state by a background gas. The heavy ions with
a high charge state effectively ionize the background gas so
that the density of the electrons produced is much higher than
that of the beam. Charge neutralization of the ion beam then
easily occurs. This may be favorable to focusing the beam be-
cause repulsive forces due to space charge do not play a sig-
nificant role any more. Otherwise, the space charge effect may
be critical to focusing the beam under certain conditions.
However, complicated phenomena such as multiple scattering by
the background gas, knock-on electrons and self pinch force due
to magnetic dissipation of the neutralizing current may also
occur, although the two-stream instability will be damped by
collisions if the density of the plasma produced is sufficiently
high. The differential pumping at the interface (at the chamber
wall or window) may be not easy because an accelerator should be

highly evacuated.

Another possibility is in a liquid lithium lead (Pb Li17) wall

protection scheme [3]. In a typical case, the pressgie of the
background gas (lead) is 10_5 torr. This is much lower than that
of the former case. However, the pumping is not very easy in
this case either because the pressure at the time soon after the

pellet burning may be much higher.

This paper mainly deals with focusing under the latter condition
(10_5 torr lead gas). The neutralization effect due to ionized
electrons from a gas in a reactor chamber is included. The emit-
tance and space charge effects are adverse to focusing. The
stripping of the heavy ion by a background gas is also bad for
focusing because of the stronger electrostatic force due to a
higher charge state, while a higher charge state is more effec-
tive in ionizing a background gas and the electrons produced

neutralize the heavy ion beam.




The typical case to be considered consists of

+
a beam of U ions

of 10 GeV with a current of 1 kA and a pulse length of 10 ns

(the pulse length is no critical parameter in this study and

the results can be applied in the case of a longer pulse just

as well).

In this paper the pellet radius is assumed to

II. The Calculation Model

It is assumed that the beam is cylindrical in

ticle distribution in the beam is homogeneous.

The outermost radius R of the ion beam can be
envelope equation (e.g. Ref.[4]):
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where g = 333 and e is the emittance
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The following parameters are defined as:

N
I

off effective charge of ion beam
= current of ion beam (A)
= charge neutralization ratio

mass of ion particle
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be about 3 mm.

form and the par-

determined by an

(1)

(= R0°Vth/Bc).

= ratio of the particle velocity to velocity of light

= coordinate in the direction of beam propagation

The process of stripping of the uranium ion by the background

gas is calculated using the cross sections given in Ref.[5].

The equations to get effective Zeff are as follows:




Z2(z+AZ,1): = Z(z,1)-(1—Az/k1)
Z(z+Az,I) = Z(z,I)-(1—Az/AI)+Z(z,I—1)-Az/xI_1(ZSIS91) (3)
Z(z+Az,92) = Z(z,92)+Z(z,91)-Az/>\91 ’
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where Z(z,I) is the distribution function of the charge state I
at the position z and ng is the density of the background gas and
o1 is the stripping cross section of the charge state I of the
uranium. The cross sections for lead are not given in Ref.[5].

In this case, the cross section of each level of the uranium ion

is estimated by the classical binary collision model as follows:
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where Zg is the atomic number of the background gas and

AEI is the ionization potential of the uranium ion [6,7].

The electrons are produced through ionization of the background

gas by the ion beam as follows:
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e
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where

= the electron density
S = stopping power (Bethe formula)
= the energy necessary for the production of an ion pair
from the background gas atom (36 eV for H 35 eV for N

in Ref.[81]).

2, 2

In the present case of the background gas from Pb alloy,

83t 117
the gas pressure of lead is 10_5 torr if the temperature of the
liquid Pb83Li17 at the outlet of the chamber wall is 500° C.

Under such a condition, the number of electrons produced is com-

parable with that of the ion particles in the beam and the space




charge is partially neutralized. Under such a condition, the
electrons produced are trapped (in spite of the relative ve-
locity Bc to the heavy ions) by the large electrostatic poten-
tial of the ion beam during beam propagation in the chamber,

while the ions produced remain at rest.

The numerically calculated equipotential curves are shown in
Fig.1 for a beam radius of 10 cm. The potential difference bet-
ween the potential at the edge of the cylinder axis and that at
the center of the axis of the ion beam can be determined analy-
tically as follows:

AU = 7.53 x 1021/8R% x (1-f) x

{% 2?4 % ) (VR2+%2§ - VR2+22)

| 1
2 o+ R2+ 12 V§2+22-2
R 2 4
+ 7 Zn 1 b 21. (eV) 4 (7)
—§2+V§ +2 R

where & is the length of the beam. If £ = 1m, B = 0.3, I = 1 ka,
f=0and R=0.1m, then A U = 2.66 MeV.

After the trapped electrons are accumulated in the ion beam, the
potential of the ion beam decreases until it equals the kinetic
energy of the electrons with the velocity Bc. If B = 0.3, the
limiting potential for trapping is 24.7 keV. When the potential
difference in the ion beam reaches this value, the electrons pro-
duced will not be trapped any more. This model is only applied

if the density of the electrons produced within the pulse dura-
tion is less than that of the beam. If AU is considerably larger
than 24.7 keV, the distribution of the relative velocities of the
trapped electrons is sufficiently broad to suppress the two stream
instability with gas ions. The emittance € of the ion beam is
assumed to be 4 X 10_5 rad+.m. The distance from the entrance port
to the target is fixed at 10 m. U+ ions have an energy of 10 GeV
(8 ~ 0.3). The set of equations (1) to (6) with the potential

condition described above is numerically resolved.




III. Results

The initial radius of the beam at the window of the chamber wall
is taken as 20 cm. The pressure of the lead is assumed to be
10_5 torr and the partial pressure of the lithium can be neglec-

ted in our case.

At first, the change of the envelope radius in vacuum is shown
in Fig.2a. The ion beam has a current of 1 kA. The beam diver-
gence at the window is 6 = dR/dz bt =2% 05 %X 10—2. The focal
point is then at z = 10 m and the focal spot radius 2.20 mm, as

shown in Fig.2a.

When the pressure of the lead gas is 10_5 torr, the focal spot
radius becomes 3.0 mm and the focal point is 50 cm away from

z = 10 m, as shown in Fig.2b. The spot size at z = 10 m is then
7.70 mm.

However, the value of 6 can be adjusted to -2.13 x 10—2, so that
the focal point may again be at z = 10 m, as shown in Fig.3a. The
focal spot radius at z = 10 m is now 2.81 mm (28% larger than
that in vacuum case). It may be interesting to see how the spot
size at z = 10 m is varied if the current is somewhat changed:
with a current of 800 A, the spot radius at z = 10 m is 3.31 mm
as shown in Fig.3b. The change from the case of 1 kA is 18% and
the difference of the spot area is 39%. These values can be im-
proved if the current only changes from 800 A to 1 kA. If we
choose 6 = -2.12 x 10_2, we can then improve the above large
difference, as shown in Fig.4a, b and c. In this case the spot
sizes differ by 9% and the spot areas differ by 19%. It is pos-
sible to keep the change of the spot size constant within 10% in
the current range 800 A ~ 1 kA only if 6 can be adjusted with an

accuracy of 0.5%.

In order to clarify the dependence of the spot size on the beam
divergence 6, the curves of the spot size R_ at the position

z = 10 m, the focal spot radius Rf and the aeviation Az of the
focal point from z = 10 m varied with 6 are shown in Fig.5. The

values of I = 1 kA and p = 10_5 torr (lead) are fixed. The symbol




dp 0)) /25 1 aea 10_2. It is normalized to

the case in Fig.3a. As shown in Fig.5, Rf has a weak dependence

A6 means (-2.13 x 10

on A6 while R_ is changed strongly with A8. In practice, the
position of the pellet is fixed. Rs is then more important than
Rf for real focusing. If the maximum change of Rs has to be
within 10%, the accuracy of 6 should be within 0.5%. It is the
same value in the previously discussed case of the change of the

current.

A temporal change of the gas density may also be significant to
focusing if 6 is kept fixed. In fact, the spot size at z = 10 m
under twice the pressure of Fig.4a is 4.03 mm, as shown in
Fig.6a, which, of course, may not be tolerable. The dependence
of Rs, Rf and Az on the gas pressure p is shown in Fig.6b. RS
varies strongly with p. If the pressure is 10-T4 torr, RS is lar-
ger than 10 mm. However, 6 can be adjusted to focus the beam to
a reasonable radius at z = 10 m if the gas density is monitored
and is coupled to the magnetic lens. This is clear because the

5

value of Rf is even about 2 mm where p is more than 2 X 10" ° torr

as shown in Fig.6b.
It may be interesting to compare the results with the case of a
gas-filled (e.g. 1 torr -nitrogen) reactor. The changes of the
envelope radius, Zeff(z) and plasma-to-beam density ratio n with
the distance from the entrance port are shown in Fig.7a. The

2

value of 64is/-2700 R040m63%Z
eff

two different models described in II. As shown in this figure,

and n are calculated with the

the discrepancy of the two curves is not large. R is calculated
using the results with the classical binary collision model for
comparison with the case of a rarefied lead gas. It is remarkable
that the focal spot radius at z = 10 m is 2.00 mm, which is less
than that of the vacuum case, as shown in Fig.2a, while the situa-
tion in the case of a rarefied lead gas is the contrary. The suf-
ficient density of the electrons produced completely neutralizes
the beam and is favorable to focusing. The instabilities, mul-
tiple scattering and self pinch effect are not included, which
may be significant. The distributions of the charge state of

the uranium ions at four different distances from the entrance

port are also shown in Fig.7b.




The uranium ions are already highly stripped at z = 3 m. And
even at a very early stage the density of the plasma produced

is already much higher than that of the ion beam, whereas in

the case of a rarefied lead gas the density of the plasma pro-
duced during the pulse duration (~ 10 ns) is much less than that
of the ion beam and then the ion beam is only partially neutra-
lized.

In case of a lead gas the cross sections calculated by the clas-
sical binary collision model might be more different from the
~real values than in the case of a nitrogen gas because the lead
atoms have more electrons and more complicated effects (shielding
effect etc.) might have to be included. Such data should be
examined and confirmed by experiments. The changes of the values
of Rs’ Rf and Az with the change of cross sections are shown in
Fig.8. The cross sections are normalized to the value resulting
from the classical binary collision model. The pressure of a

lead gas (p = 10_5 torr), the current (I = 1 kA) and 6 = - 2.12 X

X 10_2 are fixed. The values of RS and R_ are not so strongly

f
changed in the region from half the normalized cross sections to
twice of that. It is possible to adjust 6 to focus the beam if
we know the cross sections with accuracy 100% or perhaps even

worse than that.

IV. Discussion

In principle, homogeneity of the gas density in the chamber is
not necessary. All we need to know beside cross sections is the
distribution of the gas density to adjust 6 before injecting the
beam into the reactor chamber. If the gas density is inhomogeneous
but the distribution of the density is stationary, it is then no
problem to set the right Qélue for 6. If not stationary, the res-
ponse time of the magnetic lens should be fast. It may be pos-
sible that the main current in the magnetic lens remains constant

and the current for correction (~"2%) ig varied fast.

In the case of a rarefied background gas the density of electrons

produced temporarily (e.g. pulse length of 10 ns) is much less




than that of the beam particles. However, such electrons are
trapped in the deep electrostatic potential well of the beam.
These accumulated electrons move with the beam. In this way,

the current is also partially neutralized.

In the partially neutralized beam, there may be instabilities
like wiggle modes and surface modes [9]. Both of them have es-
sentially the same growth rate Wy which is the beam plasma fre-

quency as follows:

nbe2(1—f)-1/2
L2 iy

b m, € )
i o
2
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5 (1-f
w, = 4.0 x 10 -L——lﬁ——- ,
where I = 1 kA and B = 0.3.

The maximum number of e-foldings is

t

f
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where L = 10 m, Ro = 0.20 m, RO = 0.003 m and v = 108 m/s.

Thus, these instability modes do not seem significant.

The multiple scattering effect has a significant influence on
the emittance value if the pressure of the background gas is
rather high. The coefficient of the multiple scattering term
has a quadratic dependence on the atomic number Zg of the back-
ground gas. The multiple scattering term may be then signifi-
cant in the case of a high Zg gas like lead in spite of the low

pressure.




The change of the emittance is given as follows [10,2]:

2 4 2 1/3
d¢e 8ﬂZg(Zg+1)e ngzeffln(137/zg ) 2
= R
dz (4rme )2 2v4Y2
o’ Mp
If we assume R = Ro - (RO—Rf)z/L, we then get approximately with
Zg = 82,
2 _ -34 2
§de™ = 2.9 x 10 ng Zeff
_ 17va53 =5 _
If ng = 3.6 x 10 m (10 torr) and Zeff = 5,

§e = 5.0 x 10—8 (merad) . The change of the emittance due to
the multiple scattering is then negligible (about 0.1% change)
under the condition of the pressure of 10_5 torr of a background

lead gas.
V. Conclusion

The existence of a rarefied lead gas has a great influence on
beam focusing. The effect of the higher charge state of the
uranium ions due to stripping by the gas dominates the neutrali-
zation effect due to the electrons produced so that the focal
spot radius becomes larger than in the vacuum case, while the
change is the opposite in the case of a 1 torr nitrogen back-

ground gas.

Nevertheless, it is possible to focus the beam within 3 mm at

z = 10 m in the current range of about 1 kA. However, it should
be noted that the accuracy of 6 (envelope angle at the entrance
port) has to be within 0.5%.
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Figure Captions

Fig.1: Numerically calculated equipotential curves in a ut
beam of cylindrical shape with uniform density distri-

bution. In this case the length of the beam is 100 cm,

the radius is 10 cm and I = 1 KA.
Fig.2a: The change of the envelope radius of the ion beam during
propagation in vacuum (I = 1 kA; 6 = -2.05 X 107%) .
b: Under the same condition of a), except that a background

gas of lead (10_5 torr) exists in the chamber. The
curves of Zeff and neutralization ratio f are also
shown. The beam is only partially neutralized.

Fig.3a: Under the same condition of Fig.2b), except that

§ = -2.13 x.10 2,
b: The current is reduced to I = 800 A from the case a).
Fig.4a: Under the condition of 6 = -2.12 x 107%and T = 1 ka

b: I = 800 A
I =500 A

Fig.5: The changes of the spot size R, at the position z = 10 m,
and the distance Az of the fo-

the focal spot radius R

f
cal point from z = 10 m as function of 6. The symbol A6
(normalized to the case in Fig.3a) means (—2.13X1O_2—6)/
-2
2413x10 ~.

Fig.6a: The change of the envelope radius during propagation in
a background gas of lead with 2 X 10_5 torr and I = 1 kA,
6 = -2.12 x 107 2. Compare with Fig.4a).

and Az varied as a function of the

|o*

The change of Rs’ Rf
gas pressure p. The other conditions are the same as

those of a).

Fig.7a: The change of the envelope radius during propagation in
a background gas of nitrogen (the pressure is 1 torr).

The curves of Ze and the ratio of the density of the

ff




produced plasma to the beam density are also shown.

Two different curves are calculated with two different
models:

CLAS refers to the classical binary collision model and
UPP to the upper limit cross sections with the Born
approximation.

6 = -2.00 x 1072 and I = 1 kA.

The distribution of charge states of the ions in the
beam at four different z distances from the entrance

port. Under the same condition of a).

The changes of the spot size Rs at z = 10 m, the focal
spot radius Rf and the distance Az from the focal posi-
tion to the position z = 10 m as a function of the

cross sections used. The cross sections are normalized
to the value resulting from the classical binary colli-

sion model. I = 1 kA, p = 107> torr (lead gas).
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