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Improved Beam Confinement in the Modified Betatron with Strong Focusing
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The lifetime of the circulating electron beam in the Naval Research Laboratory modified betatron has
been increased by more than 2 orders of magnitude with the addition of strong focusing windings to the
device. The injected beam consistently spirals from the injector to the minor axis and is trapped. The
~0.5-kA trapped electron ring has been accelerated above 10 MeV from the injection energy of 0.5 to
0.6 MeV. The beam acceleration has been confirmed not only by the x-ray attenuation technique but

also with the detection of photoneutrons.

PACS numbers: 41.80.Ee, 29.20.Fj

Accelerators that combine high-current capability and
high effective accelerating gradient are currently under
development in several laboratories.'™ These accelera-
tors have two common features, namely, strong focusing
that improves their current-carrying capability and recir-
culation that enhances their effective accelerating gra-
dient.

Among these accelerators is the modified betatron.®
This device is currently under investigation at the Uni-
versity of California, Irvine? and also at the Naval
Research Laboratory! (NRL). In its original form the
modified betatron consists of a strong toroidal magnetic
field and a time-varying betatron field that is responsible
for the acceleration.

Extensive studies of beam capture and confinement in
the NRL modified betatron led to the formation of elec-
tron rings with circulating current as high as 3 kA and
have furnished valuable information on the critical phys-
ics issues of the concept. In addition, these studies have
shown that over a wide range of parameters the ring life-
time was limited to a few microseconds which is compa-
rable to the magnetic-field diffusion time through the
vacuum chamber. Thus, it became apparent from these
results that the magnetic-field configuration of the device
had to be modified to increase the beam lifetime and
thus to achieve acceleration. A decision was made to
proceed rapidly with the design, fabrication, and installa-
tion of strong focusing windings.

Stellarator® (four twisted windings that carry current
in alternate directions) and Torsatron'® (two twisted
windings that carry current in the same direction) wind-
ing configurations were considered. Both configurations
have advantages and shortcomings. The stellarator con-
figuration was finally selected not only because of the
small net vertical field and the lower current per winding
but also because it is compatible with our contemplated
extraction scheme. '!*!'?

This paper briefly describes the NRL modified beta-
tron in its latest form and summarizes the most impor-
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tant experimental results after the installation of the
strong focusing windings. Although experiments were
carried out at various background pressures, most of the
results reported in this paper were limited to pressures
between 2x10 % and 8x10 % Torr. In this pressure
range the electron-beam electrical neutralization time by
direct collisional ionization of the background gas has
been estimated to be between 180 and 45 usec. Work is
in progress to reduce the background pressure by at least
an order of magnitude and thus avoid substantial plasma
formation over the entire beam lifetime. This is in con-
trast to the main effort in the Stellatron at Irvine? that is
focused on the formation of runaway electron beams and
therefore the pressure is incidentally high.

Description of the experiment.— (1) External magnet-
ic fields: The NRL modified betatron comprises three
different external magnetic fields; the betatron field that
is a function of time and is responsible for the accelera-
tion of the electrons, the toroidal magnetic field that
varies only slightly during the acceleration of the elec-
tron ring, and the strong focusing field that also has a
very weak time dependence. The coils that generate
these three fields are shown schematically in Fig. 1.

(2) The betatron field: The betatron'® magnetic field
controls mainly the major radius of the gyrating electron
ring and is produced by eighteen air-core, circular coils
connected in series. Their total inductance is approxi-
mately 530 uH. The coils are powered by an 8.64-mF
capacitor bank that can be charged up to 17 kV. At full
charge, the bank delivers to the coils a peak current of
about 45 kA. The current flowing through the coils pro-
duces a field that varies sinusoidally with time having a
quarter period of 2.5 msec and an amplitude on the
minor axis at peak charging voltage equal to 2.1 kG.
Immediately after the peak the field is crowbarred with a
4.5-msec decay time.

The flux condition and field index are adjusted by two
sets of trimmer coils that are connected in parallel to the
main coils. The current through the trimmers is adjust-
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FIG. 1. Elevation of the device showing the vertical field
(V.F.), toroidal field (T.F.), stellarator windings, and some
structural components.

Trimmer

ed with series inductors. Typically ~10%-15% of the
total current flows through the trimmers.

(3) The toroidal field: The toroidal magnetic field
controls mainly the minor cross section of the electron
ring and the growth rate of several unstable collective
modes. This field is generated by twelve air-core, rec-
tangular coils that are connected in series.

The coils are made of aluminum square tubing and
have a 150 cm height and 135 cm width. The total in-
ductance of the twelve coils is ~85 uH and are powered
by a 24-mF capacitor bank that can be charged to a
peak voltage of 10.6 kV. At peak voltage, the bank
delivers to the coils ~180 kA. This current produces a
field that varies sinusoidally with time having a quarter
period of 1.9 msec and an amplitude on the minor axis
equal to 3.9 kG.

(4) The strong focusing field: The strong focusing
field improves the confining properties of the other two
fields by reducing the sensitivity of the beam centroid
and individual electrons to energy mismatch and energy
spread.

In the NRL modified betatron the strong focusing
field is generated by four twisted windings carrying
current in alternate directions. The left-handed windings
are located 23.4 cm from the minor axis and have a
209.4-cm period, i.e., there are three periods over the cir-
cumference of the torus. They are supported by epoxy-
reinforced graphite jackets and have been designed to
carry up to 25 kA. The windings are connected in series
and the current temporal profile is controlled by a ballast
inductor.

The stellarator field index ng is defined, in the linear

approximation, as'®

ng=—(Qey)aro/20;0040,
where

Qe = 4aQopoK 3 (2apo) ,

Qo=|e|Bo/m, Bo=2uol4/L, a=2x/L, ry is the major
radius, K; is the derivative of the modified Bessel func-
tion, and Q¢ and Qg are the cyclotron frequencies of
the vertical and toroidal fields on the minor axis. Since
in the NRL modified betatron Iy, Qgo, and Q,o/y
remain approximately constant during acceleration, ng
scales inversely proportional to the relativistic factor y.
The stellarator field index is related to the maximum
gradient g [=(8B./0r)max =(0B./8z)ma] of the stel-
larator field by ny = — g%ro/2aB,0Bgo. For Bgo=2.0 kG,
B.0=25 G, a=—0.03/cm, pp=23.42 cm, and I3 =19
kA, ng=14, and g=20 G/cm.

(5) The vacuum chamber and diode: The 100-cm ma-
jor radius, 15.2-cm-inside minor radius vacuum chamber
has been constructed using epoxy-reinforced carbon
fibers. The desired conductivity is obtained by embed-
ding a phosphor bronze screen inside the body of the
graphite. The graphite is 2.5 mm thick and has a sur-
face resistivity of 26.6 mQ on a square. The screen has
250%250 wires per inch and is made of 40-gm-diam
wire with an equivalent surface resistivity of 12.8 mQ on
a square. The calculated resistance for the entire vacu-
um chamber is 57 mQ. The measured dc resistance of
the toroidal vacuum vessel is 68 =2 mQ. The outside
surface of the chamber is covered with a 6.3-mm-thick,
epoxy-reinforced fiberglass layer.

This novel construction technique has several attrac-
tive features, including controllable resistivity and thus
magnetic-field penetration time, high stiffness, and ten-
sile strength, high-radiation resistance (up to 500 Mrad)
and low-outgassing rate (~10 ~® Torr/seccm?).

The electrons are emitted from a thin carbon disk
mounted at one end of a 2.5-cm-diam cylindrical cathode
stalk clad with molybdenum. The carbon disk is flush
with the molybdenum cladding and faces the circular
opening of the conical anode, that is located 8.7 cm from
the minor axis of the toroidal chamber. To minimize the
magnetic-field component transverse to the emitting sur-
face of the cathode the core of the cathode stalk is made
out of high ou ferromagnetic material. The unsaturated
state of the ferromagnetic material is prolonged by a thin
copper housing.

Experimental results.— During the first microsecond
following injection, the beam transverse motion is stud-
ied by monitoring the light emitted from a 10-um-thick
polycarbonate foil that is stretched across the minor
cross section of the vacuum chamber.! The foil is graph-
ite coated on the upstream side to avoid electrostatic
charging. Figure 2 shows two open-shutter photographs
of the light emitted as the ring passes through the foil.
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FIG. 2. Open-shutter photographs of the light emitted when
the beam passes a 10-um-thick foil.

The light spots near the edges of the photograph are po-
sition fiducials produced by a ring of light-emitting
diodes located approximately 0.7 cm from the vacuum
chamber wall. Reflections from the wall are also notice-
able near the upper edge of the photograph.

For several combinations of injection parameters the
beam consistently spirals from the injection position to
the minor axis and is trapped. The transit time of the
beam to the minor axis is typically less than 0.5 usec. In
shot No. 5172 both the beam current and By are low and
thus the bounce frequency is high. As the beam spirals
from the diode to the minor axis it creates distinct light
spots as it passes through the foil. By increasing the
beam current and B, the bounce frequency is reduced
and thus the light spots start to overlap and the spiral be-
comes continuous as in shot No. 5214.

The trapping mechanism is presently unknown. A
likely candidate is the wall resistivity. However, the pre-
dicted decay rate I' ' from the linear theory'* for the
parameters of the experiment is between 10 and 20 usec,
i.e., too long to explain the experimental results.

The circulating electron ring current is monitored with
two Rogowski coils that are located inside the vacuum
chamber. A typical wave form is shown in Fig. 3. Al-
though some losses occur immediately after injection, the
circulating current remains practically constant during
the first 10 usec. Observations are limited to 10 usec by
the signal level and the 100-usec passive integrator. At-
tempts to use active integrators have been, so far, unsuc-
cessful.

In the results reported here the injected electron beam
is produced by a diode with a 1-cm-diam carbon cathode
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FIG. 3. Output from a Rogowski coil that is located 15°
downstream of the diode. The plateau (trapped current) corre-
sponds to 525 A.

disk that is matched to a 1-cm-diam anode hole. For
such a beam radius the maximum trapped current is be-
tween 0.5 and 0.6 kA. The results indicate that the
trapped current increases as the beam diameter in-
creases. Experiments with larger radius beams are
presently in progress.

The ring lifetime is inferred from the x rays produced
when the beam strikes a 2.5-cm-wide, 1-mm-thick lead
limiter. The x rays are monitored by a collimated x-ray
detector  (scintillator-photomultiplier tube) that is
housed inside a lead box. In the results reported in this
paper, the x rays enter the scintillator through a 1.94-
cm-diam hole and the detector is located 10.8 m from
the target. A typical wave form of the x-ray monitor is
shown in Fig. 4. From the value of the B, field it can be
easily computed that the main peak of the x-ray signal
corresponds to a particle energy near 11.0 MeV. The en-
ergy of the electrons that are lost at a later time is obvi-
ously higher.

The x-ray signal is very reproducible in both ampli-
tude and shape. For the first 200-300 usec we do not
observe any x rays. The time at which x rays are initial-
ly observed and the times the various signal peaks occur
are directly proportional to B, and inversely proportional
to dB./dt. In addition, the temporal occurrence of the
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FIG. 4. Output of the x-ray detector vs time and Bgo/B:o at
the peaks of the x-ray signal for Bgo=3.6 kG, I'sr =20 kA, and
(B:)/B:0=1.9.
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x-ray signal appears to be independent of the trapped
current for at least up to 0.5 kA and also of the back-
ground pressure up to 6% 10 ~3 Torr. However, the am-
plitude of the x-ray signal decreases rapidly with increas-
ing pressure above 8 X 10 ~® Torr. For the results of Fig.
4, the electrons gain energy at the rate of 0.39 keV/
revolution. Those electrons lost at the main x-ray peak
have performed in excess of 28000 revolutions around
the major axis. In our best results the corresponding
number is ~35000 revolutions and the electron energy
about 12 MeV.

The spiky shape of the x-ray signal and therefore the
beam loss is consistent with the excitation of the cyclo-
tron resonance.'>'® Figure 4 also shows the ratio B,/B,
versus time. The solid circles are from the experiment
and the crosses are the prediction of the theory. The
poor argument between theory and experiment for low-/
values is probably associated with the omission of
toroidal effects in the theoretical model. The results are
also consistent with the excitation of the electron-cyclo-
tron instability.!” This instability is caused by the cou-
pling of the electron-cyclotron mode to the TE;,
waveguide mode of the torus. Work is in progress to pin-
point the exact cause of the beam loss.

The x-ray signal has been studied with the usual at-
tenuation technique. A layer of lead more than 5 cm
thick is needed to completely eliminate the signal. A
1.3-cm-thick layer does not have any effect on the signal
except on the initial spike that is due to the injected
beam. In addition to the x-ray attenuation technique,
the beam acceleration has been confirmed with the pho-
toneutrons produced from the D(y,n)H reaction. A
plastic tube in the form of a ring containing heavy water
was inserted behind the limiter. The photons produced
on the target photodisintegrate the deuterium and pro-
duce neutrons that are monitored with a rhodium activa-
tion detector.'® The number of counts measured during
the first minute exceeds 7 standard deviations.

The intensity and polarization of the synchrotron radi-
ation has been computed numerically. At low energy
(=1 MeV) the radiation spectrum is dominated by a
peak at the Doppler-shifted By cyclotron frequency. As
the electron energy increases the effect of the By cyclo-
tron motion is reduced and the spectrum approaches that
of a purely circular orbit.

Two high-gain (50 db) heterodyne receivers are used
to monitor the emitted radiation in the bands 26.5-28.5
and 36.5-38.5 GHz during acceleration. The measure-
ments show that the amplitude of the radiation scales
linearly with the trapped ring current. During the first
200 nsec, both the amplitude and polarization are con-
sistent with the predicted single-particle emission. In ad-
dition, the temporal shift of the first peak is in good
agreement with the predicted toroidal field and energy

dependence of the Doppler-shifted cyclotron frequency.
However, the late-time behavior of the radiation signals
is not presently well understood. The radiation signal
starts to decay after ~200 usec, contrary to the predic-
tion of the theory. It is likely that electron losses, plasma
formation, or beam displacement out of the field of view
of the detectors are responsible for the observed dis-
crepancy.

The authors are grateful to Professor D. Kerst, Dr. P.
Sprangle, and Dr. Y. H. Seo for many illuminating dis-
cussions. This work was supported by the ONR and the
Space and Naval Warfare Systems Command.

Note added.— Since the submission of the paper, the
trapped current increased to 0.9-1.0 kA and the beam
energy to 15-16 MeV.
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FIG. 2. Open-shutter photographs of the light emitted when
the beam passes a 10-um-thick foil.



FIG. 3. Output from a Rogowski coil that is located 15°
downstream of the diode. The plateau (trapped current) corre-
sponds to 525 A.



