Observation of the polarization electric field in
the intense neutralized proton beam propagating
undeflectedly across a magnetic field
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A neutralized proton beam (averaged velocity 5=3.6X 10® cm/s, velocity spread
Av=0.9X%10® cm/s, proton current density ~ 18 A/cm?) is injected into a transverse mag-
netic field B ( <3 kG). It is found that the electric field which satisfies the condition
E =v B, value is formed in the beam and the beam propagates across the magnetic field
by the polarization drift when the dielectric constant €=1+(wpi/ @i )? of the beam is
larger than 100—180. The lowest value of € for the beam propagation given above is
consistent with the theoretical prediction € >>43.

The propagation of intense neutralized ion
beams across a magnetic field is an important
problem in their application to fusion research,
such as the formation of reverse-field ion rings'
and the heating of magnetically confined plasmas.

In general, intense neutralized ion beams are
space charge and often current neutralized by elec-
trons and take the form of plasma streams with
large forward momentums.®

The mechanism of the cross-field propagation of
these beams is the polarization drift of the ions
and the electrons by the electric field induced in
the beam. This electric field is produced as a re-
sult of the polarization derived by the Lorentz
force perpendicular to both directions of the propa-
gation of the beam and the magnetic field. An
analytical model dealing with the cross-field propa-
gation of the beam shows that the electric field
which has the strength £ =vB, and the direction
opposite to the Lorentz force V is necessary for the
undeflected propagation of the beam across the
magnetic field. Furthermore, this electric field is
formed automatically in the beam when the dielec-
tric constant of the beam

2

e=1+(wp/0) >>(mi/m)"?,

where v is the velocity of the beam, B the strength
of the transverse magnetic field, w,; the ion plasma
frequency of the beam, w; the ion gyrofrequency,
m; the ion mass, and m, is the electron mass.*
When the beam has the velocity spread of the ions,
it is pointed out theoretically that v must be re-

placed by the averaged velocity 7.°

A few experiments on the propagation of the
beam across the magnetic field were reported previ-
ously,®” however, the observation of the polariza-
tion electric field and comparison of the results
with the theoretical prediction described above
with the velocity distribution of the ions taken into
account are not reported.

In this paper, we report the formation of the po-
larization electric field by the propagation of the
intense neutralized proton beam with the velocity
spread across the magnetic field. In particular, the
following two points are emphasized: Firstly, the
polarization electric field in the beam and the velo-
city distribution of the protons are measured. The
experimental results agreed with the theoretical
prediction E =0B,. Secondly, the lowest value of
€ which is necessary for the formation of the po-
larization electric field is determined experimental-
ly, and it is compared with the theoretical predic-
tion of satisfying the condition € >> (m;/m,)"/2.

The apparatus used in the experiment is shown
in Fig. 1. For convenience, we define the coordi-
nates x, y, and z as shown in the figure.

The neutralized proton beam is produced by a
reflex triode® which consists of an anode made of a
4-um Mylar sheet and a cathode placed 2 cm apart
from the anode. The anode is energized by a Marx
generator. A magnetic field B, of 6 kG is applied
to the triode to eliminate electron losses to the
anode support and to make the beam production
reproducible. The applied voltage to the anode is
fixed at 260 kV throughout the experiment.
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FIG. 1. Schematic diagram of the apparatus; (a)
Marx generator, (b) anode, (c) cathode, (d) aperture, (e)
voltage monitor, (f) biased charge collectors, (g) a pair of
Langmuir probes, (h) B, coils, (i) B; coils, (j) Pyrex tube,
(k) profile of B, on the x axis, and (1) profile of B, on
the z axis.

The beam extracted from the anode propagates
about 50 cm downstream in the drift tube. The
drift tube is a Pyrex tube and is evacuated down to
2% 107° Torr by oil diffusion pumps. The beam is
collimated by an aperture of 2.5 cm in diameter
placed in the drift tube at 35 cm downstream from
the anode, in order for the beam not to come in
contact with the wall.

The transverse magnetic field B, which has a
strength of up to 3 kG at the center of the B re-
gion and a duration of 10 ms, is produced by a
pair of mirror coils energized by a capacitor bank.
The strength of B, is constant, within ~10%, in a
range —4<x <3 cm and —5<z <5 cm as shown
in Fig. 1. We represent the strength of B, at a
point x, y, and z as B (x,y,z).

Radial profiles of the proton current density for
B, =0 were measured by biased charge collectors
with a bias voltage of —300 V and are shown in
Fig. 2(a). It is found that the beam has a peak
value of proton current density ~ 18 A/cm?, a
pulse width of 200— 300 ns, a divergence angle
~4° and a circular cross section of ~5 cm in di-
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FIG. 2. Radial profiles of the proton current density
J, of the beam measured (a) at z=0 for B,(0,0,00=0
and (b) at z =6 cm for B,(0,0,00=2 kG. Open (closed)
circles show proton current density as a function of y
().

ameter at z=0. The total proton current of the
beam is estimated to be ~350 A from Fig. 2(a).

The net current density of the beam (the sum of
the proton current density and the electron current
density) was measured by the charge collector with
a null bias voltage and was found to be ~4 A/cm?
at x, y, and z=0. From the facts that the beam
propagates a distance ~50 cm without the signifi-
cant loss of the protons and that the net current
density of ~4 A/cm? is about % of the proton
current density of ~18 A/cm?, the beam is in-
ferred to be space-charge neutralized and almost
current neutralized.

The velocity distribution of the protons was
measured by a 180° deflection magnetic analyzer
which was equipped with an entrance slit of 3 mm
in width and 15 Faraday cups of 1 cm in diameter
as detectors. It was found that the distribution
was nearly a shifted Maxwellian with the averaged
velocity of 5=3.6X 10® cm/s and with the velocity
spread of Av=0.9X10® cm/s at the time when the
proton current reached its peak. This distribution
appears not to vary over the cross section of the
beam because proton current pulses observed at
different radii begin to rise and reach their peaks
at the same time.

Radial profiles of the proton current density of
the beam in the transverse magnetic field were
measured at z =6 cm for B,(0,0,00=2 kG and are
shown in Fig. 2(b). If only the Lorentz force acts
on the protons, the beam will be deflected and the
peak of the proton current density will shift to
y~5 cm as a result of single-particle motions of
the protons. However, the significant shift of the
current peak is not observed in Fig. 2(b) and was
not observed for B(0,0,0)=3 kG either. The rea-
son for this may be that the electric field is formed
in the beam along the y axis by the polarization,
which makes the beam go straight across B, by the
polarization drift.

A pair of Langmuir probes at floating potential
arranged along the y axis with a separation of 1.5
cm was inserted into the beam to measure the po-
larization electric field directly. The probe consists
of a tungsten wire of 0.5 mm in diameter connect-
ed to a resistive voltage divider. The resistive di-
vider consists of a series of ten resistors of 6 k()
and a 50-() termination resistor and is sealed in a
Pyrex glass pipe. The use of the Pyrex glass pipe
instead of a metal pipe as the container serves to
increase the capacitive impedance of the probe in-
put and therefore improves the frequency response
of the probe. The input resistance 60 kQ of the
probe was found to be sufficient to measure the
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floating potential in the beam since the probe out-
put reduced by only ~10% when the resistance 60
kQ decreased to 10 k). The difference between
the two probe outputs (the upper probe at y =1.0
cm and the lower probe at y = —0.5 cm) is
displayed on an oscilloscope. The strength of the
electric field along the y axis is evaluated from the
potential difference between the two probes and the
probe separation of 1.5 cm. It was verified that
the potential difference between the two probes was
proportional to the probe separation and was al-
most null when the probes were arranged along the
Z axis.

Typical oscillograms of the electric field, togeth-
er with the oscillogram of the proton current pulse,
are shown in Fig. 3(a). The strength of the electric
field is proportional to the strength of B, ([2] and
[3]) and is null for B, =0 ([1]). The polarity of the
electric field reverses by reversing the polarity of
B, but its amplitude does not change ([4]). We
adopt as the typical value of the electric field, the
one at the time when the proton current reaches its
peak, after 200 ns from its rise ([5]).

The measured electric field E (open circles) as a
function of B, is shown in Fig. 3(b), where the
solid line represents the polarization electric field
E =0B, calculated from 7=3.6X10® cm/s. Meas-
ured values agree well with the theoretical predic-
tion. Therefore, it can be concluded that the
necessary and sufficient electric field for the unde-
flected propagation of the beam with the velocity
spread which is expressed as E =0B, is formed in
the beam. Furthermore, the electric field was
measured when a conducting plate was placed in
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FIG. 3. (a) Typical oscillograms of the electric field
in the beam for B,(0,0,0)=0 [1], 1 kG [2], 2 kG [3], and
1 kG of the reversed polarity [4], and of the proton
current pulse [5]. Data are obtained from different
shots and at x =z =0. (b) Electric field E along the y
axis as a function of the strength of B, (open circles and
triangles). Electric fields observed when a conducting
plate is placed at x =2.5 cm are also shown (closed cir-
cles and triangles). Circles (triangles) are data points for
B, of the positive (negative) x polarity. The solid line
represents the theoretical prediction E =0B,.

the beam at x =2.5 cm with its surface parallel to
the beam and perpendicular to B, field lines. The
results (closed circles) are also shown in Fig. 3(b).
In this case, the electric field is almost null regard-
less of the strength of B,. This means that the
electric field is shorted out by the conducting plate.
The distribution of the electric field in the beam
along B, field lines was measured by moving the
probes along the x axis. The results are shown in
Fig. 4(a) for B,(0,0,00=1 and 2 kG, where the
solid lines represent distributions of the electric
field E =9B, calculated from 7=3.6X 10® cm/s
and from the profile of B, on the x axis shown in
Fig. 1. This figure presents the following features
as to the polarization of the beam. Firstly, the
electric field, which satisfies the condition E =B,
locally in accordance with the spacial variation in
B, is formed automatically in the beam at
—5<x <5 cm. Secondly, the electric field de-
creases rapidly at x > 5 cm in spite of the increase
in B, and is far below that necessary for the polar-
ization propagation of the beam. Considering that
the number density of the protons at x >5 cm is
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FIG. 4. (a) Distribution of the electric field E in the
beam on the x axis for B,(0,0,0)=1 kG (closed circles)
and 2 kG (open circles). Solid lines are from E =0B,.
(b) Comparison between distributions on the x axis of
the normalized electric field E /(tB),) (open circles) and
of the value of € of the beam (the solid line) for
B,(0,0,00=1 kG and (c) for B,(0,0,0)=2 kG.
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5% of the peak value, the reason for the reduction
in the electric field at x > 5 cm is that the number
density of the protons is too small to form the full
electric field E =0B, by the polarization. There-
fore, we can determine experimentally the lower
bound of the value of e=1+(w,;/w,;)* of the
beam, necessary for the formation of the polariza-
tion electric field, by the evaluation of € at the
transition point where the electric field E decreases
rapidly from the full value 7B,.

The distribution on the x axis of the normalized
electric field E /(7 B,) calculated from data shown
in Fig. 4(a) and the distribution on the x axis of
the value of €V are shown in Figs. 4(b) and 4(c) for
B,(0,0,00=1 and 2 kG, respectively. The dielectric
constant € is evaluated from the proton current
density, the averaged velocity of the protons
7=3.6X10% cm/s, and the profile of B, shown in
Fig. 1. The normalized electric field has the value
~1.0 and is constant at —4<x <4 cm (—3<x<3
cm) for B,(0,0,0)=1 kG (2 kG) in spite of the wide

variation in € in a range 100—2000 (180—450).
The transition of the value of E /(vB,) from ~1.0
to << 1.0 occurs at x =4 cm (3—4 cm) where the
value of € is 100 (100—180). This value of € in a
range 100— 180 is consistent with the theoretical
prediction € >>(m;/m,)!"*=43 for protons.

In summary, the neutralized proton beam
(7=3.6X 10® cm/s, which is equivalent to 70 keV
in energy, Av=0.9 X 10% cm/s, ~18 A/cm? and
200— 300 ns) is injected into the transverse mag-
netic field of up to 3 kG. The polarization electric
field necessary for the undeflected propagation of
the beam is observed. It is found that this electric
field is formed so as to satisfy the condition
E =B, locally in the beam in accordance with the
spacial variation in B, as far as the dielectric con-
stant € is sufficiently large. The lowest value of €
necessary for the formation of the polarization
electric field is derived from the experiment to be
100— 180, which is consistent with the theoretical
prediction € >> (m; /m,)!/?=43 for protons.
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