
VOLUME 76, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 4 MARCH 1996

Japan
Electron Acceleration by a Transverse Electromagnetic Wave Supplemented
with a Crossed Static Magnetic Field
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(Received 7 June 1994)

An electron linear accelerator has been demonstrated that uses a slow transverse electromagnetic
wave (TE wave, 10 kW) supplemented with a crossed static magnetic field. An initial energy gain of
6.0 keV for electrons is observed from an incident energy of 62 keV in a 0.5 m accelerator without an
additional external magnetic field. When an external vertical magnetic field of 2.5 G is applied under
the same conditions, an additional 7.5 keV energy gain is observed. The results show the feasibility of
making a compact accelerator using TE mode electromagnetic waves.

PACS numbers: 29.17.+w, 41.75.Di, 52.75.Di
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Recent interest in charged particle accelerators
focused on generating much higher acceleration gradi
than is possible in the present conventional accel
tors, which have typical acceleration gradients of ab
10 20 MeVym. In the last decade new accelerati
schemes, with much higher acceleration gradients, h
been proposed and demonstrated in proof-of-principle
periments [1–13], e.g., the plasma wake field acceler
(PWFA), the plasma beat wave accelerator (PBWA),
the yp 3 B0 accelerator or surfatron, whereyp is the
wave phase velocity andB0 is the applied static magnet
field. The possibility of charged particle accelerati
using a transverse electric field supplemented with
weak, external, static magnetic field parallel to the wa
magnetic field has also been discussed [14,15].

yp 3 B0 acceleration phenomena [6–8,10], in which
static magnetic field is applied perpendicular to the w
propagation direction and the particles are acceler
continuously along the wave front at constant phase w
respect to the wave until the trapping condition brea
have been observed in microwave-plasma interac
experiments [8,9]. With this mechanism the presence
a plasma is not essential, so the charged particles ca
accelerated even in a vacuum [11,12].

In the yp 3 B0 scheme, the theory indicates th
electron acceleration can be realized even in a transv
electromagnetic wave mode (TE wave). This Let
reports, to the best of our knowledge, the first results
proof-of-principle experiments on theyp 3 B0 accelera-
tion scheme with a TE wave in a vacuum wavegu
[14,15]. The results show the feasibility of making hi
gradient compact accelerators.

Takeuchiet al. [14] originally proposed the TE-mod
accelerator using dielectric materials and investigated
stability of the particle orbit in the wave frame. Th
theory shows that a transverse electromagnetic w
propagating through the slow wave structure can trap
accelerate charged particles.

It is convenient to review the acceleration mechan
briefly. Suppose that a transverse electromagnetic w
which has the maximum electric fieldEx and the maxi-
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mum magnetic fieldBy in the x and y directions,
respectively, propagates with the phase velocityyp in the
z direction (see Fig. 1). When an external static magne
field B0, less thanBy , is applied in they direction, there
exist two magnetic neutral pointsA and B where the
electric fields are nonzero. Around pointB, the Lorentz
force acts on the particles, and bunches them in thz
direction. However, particles staying exactly at pointA
or B are accelerated continuously in thex direction by
the wave electric field ifyp ø y, the particle velocity.
Therefore the particles are bunched around pointB and
accelerated in thex direction in thex-z plane.

The trapping condition in a wave trough in this schem
is obtained by balancing the force in the wave propagat
direction (z direction) such that [14]

jByj . g2
pB0 , (1)

wheregp  h1 2 sypycd2j21y2 is the Lorentz factor mea-
sured with the wave phase velocityyp . When Eq. (1) is
satisfied, the electron can be accelerated continuously w
out detrapping from the wave trough. Now we can obta
the energy gaindgydz of the trapped particles in stead
state for unit length in the laboratory frame,

dg

dz


qg2
pB0

mc2
yx . (2)

In this scheme, a charged particle with a velocity of almo
the speed of light can interact with the electromagne
wave in vacuum.

FIG. 1. Schematic diagram foryp 3 B acceleration scheme
using the TE mode.
© 1996 The American Physical Society 1635
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FIG. 2. Experimental apparatus. The inset shows the c
sectional view of the dielectric loaded waveguide.

A schematic view of the experimental setup is sho
in Fig. 2, and the cross section of the slow-wave struct
employed here is shown in the inset of Fig. 2. Because
the slow injection beam energy in the present facility, t
slow-wave structure must be employed. The dimensi
of the slow wave structure are listed in Table I.

The injected electron beam is initially accelerated
a high-voltage dc power supply with a maximum ener
of up to 100 keV and current of1 mA. Here we used a
Pierce-type gun with a hair-pin-type cathode.

The electrons accelerated through the accelerator are
alyzed by a magnetic-field-bending type of energy a
lyzer. The electrons are detected by a microchannel p
(MCP) electron multiplier with a 2-mm slit in front of it
The MCP is scanned spatially in the analyzer; the po
tion at which the signal is detected corresponds to the
ergy, and the signal intensities to the electron fluxes. T
maximum resolution of the energy analyzer is less th
0.1 keV. This instrument is calibrated with the abov
mentioned electron beam source. The calibration is c
ried out by changing the acceleration voltages withou
power before and after the experiments. When the e
tron energy is measured, the energy analyzer is adju
such that the electrons are injected normal to its inlet s

A pulsed electromagnetic wave of maximum pow
10 kW is generated by a magnetron with a typical pu
width of 5 ms and repetition rate of10 Hz. The generated
microwaves are absorbed by a nonreflecting dum
load after going through the slow-wave structure in t
accelerator main body. The electric field intensity
expected to be about20 30 kVym, but experimentally it
is estimated to be about30 40 kVym (shown later).

TABLE I. Dimensions of the dielectric wave guide.

Dielectric materials Macorl Folsteright
Dielectric constant 5.68 7.0

s f  8.6 GHzd s f  1 MHzd
Accelerator length 48 cm
ThicknessDd 50 mm
Width 2h 50 mm
Separation2d 13–33 mm
Height 113–133 mm

,s 2d 1 2Ddd
1636
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The static, vertical magnetic field foryp 3 B0 accel-
eration is generated by a pair of saddle-shaped exte
coils. Uniformity less than3% covers a length of32 cm
(40 cm for 5%) in the z direction and5 cm in thex and
y directions. A maximum field strength of10 G is mea-
sured at the center axis of the accelerator. This va
should be large enough to demonstrate theyp 3 B0 accel-
erator principle with a TE mode under the present exp
mental parameters. The whole vacuum system is pum
out below5 3 1027 Torr by a turbomolecular pump.

Before the main acceleration experiments were p
formed, the phase velocity in the waveguide was m
sured by the interferometry method. Although the theo
predicts the phase velocity, determined by the geometr
the waveguide and the dielectric constant, a precise ve
ity should be measured, because the dielectric consta
unknown in such a high-frequency regime. We employ
a low power rf source for this purpose and a small pro
(1 mm length3 0.2 mm diameter) was used for pickin
up the rf signal in the slow-wave structure. A typical e
perimental result for the phase velocityyp is shown in
Fig. 3. Here an example of the interferometic wave fo
is shown in the inset. We tried many times, and the av
age result is marked by the solid circle in Fig. 3. In th
figure, the solid line denoted “Th.” is the theoretical res
obtained from the dispersion relation in the slow-wa
structure, after fitting it to the experiment atDdyd  7.5,
giving a relative dielectric constant of5.65. Using this
value, we have designed the slow-wave structure wit
phase velocity of0.46c (corresponding to an energy o
65 keV) atDdyd  3.0, shown in Fig. 3.

When the present machine performs as an acceler
without the static magnetic field, resonantly accelera
electrons are observed; a typical example is sho
in Fig. 4. A maximum energy increment ofD´0 
´ 2 ´in  6.0 keV, where´ is the final electron energy
and ´in the incident electron energy, is observed wh
´in  62 keV. This implies that this slow-wave structur

FIG. 3. Experimental and calculated results of phase velo
vs the distanced. An arrow shows the condition employe
for the present acceleration experiments. “Th.” shows
calculated phase velocity. The inset shows an example of
interferometer output of the phase measurement.
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resonates with energy62 keV at the rf frequency
2.45 GHz. The vertical error bars indicate the variation
the electron energy resulting from the instability of bea
transparency through the waveguide. The solid line w
calculated theoretically after adjusting the resonance
ergy to62 keV, which is different from the designed valu
of 65 keV. This apparent disagreement of the resona
energy may be because efficient acceleration is real
when the wave phase velocity is slightly larger than
beam velocity. When the wave phase velocity is less t
the beam velocity, strong deceleration of particles occ
At ´in $ 64 keV, no acceleration or even decelerati
of particle energy is observed. The calculated cu
in Fig. 4 does not include these effects; it just sho
the resonance characteristics of the slow-wave struct
These results indicate that a dielectric slow-wave struc
can work as an electron accelerator with a pure transv
electromagnetic wave propagating with a phase velo
slightly larger than the electron beam velocity.

Typical examples of the electron energy spectra
served when a vertical magnetic field is applied w
an incident electron energy of62 keV are shown in
Fig. 5. The arrows indicate the peak electron flux
where energy is measured. When the static magn
field is increased, the electron energy increases u
B0  2 G in this figure. With further increase of th
magnetic fieldsB0 . 2 Gd, no further acceleration occurs
as the trapping condition for the particles [Eq. (1)]
violated. When a vertical magnetic field is applie
both accelerated and a small number of decelera
particles are observed, as seen in the figure, altho
we are interested in the accelerated particles. In
present apparatus, the electron beam is injected con
ously (in dc). This means that some particles may h
a chance to be thrown into the deceleration phase at
and then shifted to the acceleration phase eventually.
order to improve these characteristics, electrons co
be thrown into the acceleration phase by using a pul

FIG. 4. Energy incrementD´0 as a function of the inciden
electron energy,́ in, without static magnetic field. Inciden
microwave power P  10 kW. Th. shows the calculated
energy increment estimated from the resonance characte
of the slow-wave structure.
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electron gun. As this synchronous method may not
easy to build, the present system is better to produce
accelerated particles.

An example of the experimental results showing the
ergy incrementD´ vs the static magnetic field applie
vertically is shown in Fig. 6. Here the energy incr
ment of the electrons,D´, is defined by the difference be
tween the accelerated energy´ and the energy without the
static magnetic field, i.e.,D´ ; ´sBd 2 ´s0d. The open
circles, solid circles, and solid triangles indicate the in
dent electron energy of́in  60, 62, and64 keV, respec-
tively. The maximum energy increment ofD´  7.5 keV
is observed for an external magnetic field of2.0 G. Note
that a resonant interaction between the electromagn
wave and the electrons occurs, as shown in Fig. 4, e
at B0  0. Therefore the total maximum increment of a
celerated electron energy is13.5 eV sD´0 1 D´d at ´in 
62 keV. Up to about1 G, the energy increases with in
creasing applied magnetic field, while above2 2.5 G it
decreases at all incident energies. These results imply
electron detrapping occurs from the wave potential ab
B  2 2.5 G.

In Fig. 6 the calculated theoretical results are also d
played by solid lines. The calculation is performed
solving the equation of motion of an electron under t
present experimental conditions. Here the Runge-Ku
method is used with 100 test particles distributed initia
uniformly in the phase space. The electric field of the wa
is chosen to be20, 30, and40 kVym. In the figure, the
solid lines show the results when the trapping condit

FIG. 5. Examples of the electron energy spectra at
incident electron energy of62 keV, with P  10 kW. The
arrows show the peak value, the energy of which is employ
1637
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FIG. 6. Energy incrementD´ as a function of the static
magnetic fieldB0 with P  10 kW. The open circle stands
for ´in  60 keV, closed circle for62 keV, and closed triangle
for 64 keV. The solid lines show the calculated values fo
E0  20, 30, and40 kVym.

is satisfied. Once Eq. (1) is violated, we cannot use t
results anymore, and the dotted lines are given for co
parison. The results show fairly good agreement with t
experiments until detrapping occurs, although the calc
lated values are even smaller.

The inequality of the trapping condition [Eq. (1)] re
quires complete equilibrium in the phase space. In t
present experiments, however, it takes aboutt $ 20 ns
to reach the steady state, while the acceleration cease
t , 3.6 ns, as estimated from the time taken by the ele
trons to travel through the waveguide at the incident ene
of 62 keV. If the saturation or decrease of the electro
energy forB $ 2 G is assumed to be due to the detra
ping of particles from the wave trough, the detrappin
time can be estimated to be about4 ns by employing
the experimental parameters (E  20 kVym, B0  2 G,
and ´in  62 keV). The absolute value of the electri
field intensity, however, cannot be measured directly. W
tried to estimate it from the experimental data after fi
ting to the theoretical value. In Fig. 6, detrapping o
curs atB . 2.5 G for ´in  62 keV or B . 2.0 G for
60 keV. From Eq. (1) and the Maxwell equation, we ob
tain E0 . 44 kVym for 62 keV and35 kVym for 60 keV.
Now the energy gain can also be estimated with the u
of Eq. (2). At B . 2.5 G, D´  5.4 keV is obtained for
´in  62 keV, a reasonable agreement of the experimen
result with the numerical calculation. Here, there is o
question. In order to obtain the above-mentioned res
we employedD´0  6 keV from Fig. 4 at́ in  62 keV.
However, forE0 . 44 keV, D´0 . 0.8 keV is expected.
This discrepancy is not clarified yet. The condition of th
transient state, however, should be taken into conside
tion for a more precise explanation of the experimental
sults as well as for future experiments wheregp may be
increased.

An electromagnetic wave with a different mode, such
a slow longitudinal wave (TM mode), for example, coul
propagate in the waveguide. In the present experimen
setup, however, the results show that TM waves c
1638
e
-

e
-

e

at
-
y

-

e

e

al
e
lt,

a-
-

s

al
n

propagate in the waveguide, but electrons with init
energy of 62 keV cannot interact with such wave
because of low phase velocitys0.23cd.

In summary, electron acceleration using a slow tra
verse electromagnetic wave (TE wave) supplemen
with a static magnetic field has been demonstrated.
maximum energy gain of13.5 keV for electrons is ob-
served from an incident energy of62 keV in a 0.5 m
accelerator, when an external magnetic field of2.5 G is
applied.
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