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A new configuration is proposed wherein a low-current beam is accelerated to high energies (tens of
amps, tens of MeV) by a driver beam of high current and low energy (a few kiloamps, ( 1 MeV). The
annular driver beam excites the TM020 cavity mode of an accelerating structure which transfers its rf
power to the on-axis secondary beam. Systematic variation of the driver beam radius provides the secon-
dary beam with phase focusing and adjustable acceleration gradient. A proof-of-principle experiment is
suggested.

PACS numbers: 4l.75.—i, 29. ) 7.+w

Compact electron and ion accelerators in the 10 MeV
range have a wide range of applications, such as treat-
ment of bulk materials, activation analysis, and medical
radiation sources. To achieve such an energy at moderate
levels of current (tens of amps) requires considerable
power, and a natura) candidate for a driver is the pulse
power system [1,21. Intense annular electron beams (a
few kiloamps, (1 MeV) extracted from such a system
have been modulated efficiently, and the current modula-
tions exhibit a high degree of amplitude and phase stabil-
ity [3]. These modulated beams have been used to gen-
erate ultrahigh power microwaves [4,5] and to accelerate
electrons to high energies [6]. They will be used as the
driver in the two-beam accelerator to be proposed in this
paper.

Various two-beam accelerators have been studied in

the past [6-10]. There are significant diff'erences in the
present configuration, shown schematically in Fig. 1. The
driver beam is an annular beam of radius rp, carrying an

ac current Ip at frequency m. It passes through an ac-
celerator structure, consisting of A cylindrical pillbox
cavities. Each cavity has a radius b =5.52c/m so that m

is also the resonant frequency of the TM020 mode of the
pillbox cavity (Fig. I). The secondary beam is an on-axis
pencil beam, carrying an ac current I, (1, (&14), also at
frequency co. Since the rf electric fields of the TM020
mode have opposite signs in the outer region and in the
inner region, the mode retards the annular driver beam
but accelerates the on-axis secondary beam. As we shall
see, if the driver beam radius is modulated axially, phase
focusing and tunability in the output energy of the secon-
dary beam can be achieved. This is the crucial feature of
the present device, not shared by the prior works [6-10).

Thus, without the use of rf plumbing, the present
scheme provides the gradual conversion of the primary
beam power to the secondary beam over many accelerat-
ing gaps. Since the current modulation on the primary
beam has been shown to be insensitive to the variations in
the diode voltage and diode current [3], the eff'ectiveness
in the acceleration of the secondary beam is likewise in-
sensitive to such variations.

To calculate the excitation of the TM020 mode by the

8=Jti(mrti/c) = —1.249(rp —a)/a, (3)

g is the quality factor of the TMp2p mode, L is the cavity
length, and Jp is the Bessel function of the first kind of
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F16. 1. Schematic drawing of the two-beam accelerator.
Also shown is the rf force profile, Jo(air/c), associated with the
axial electric field of the TM020 cavity mode.

primary beam, and the resultant acceleration of the
secondary beam by this mode, we assume that the intense
space charge on the beam does not alter the rf charac-
teristic of the cavities [4,11,12]. We also assume that the
individual pillbox cavities are electromagnetically isolated
from each other when the beams are absent [13,14].
Since the cavities are excited mainly by the rf current Id
carried by the primary beam, the TMp2p mode so excited
always decelerates the primary beam electrons on the
average (by conservation of energy). This is true whether
the beam radius ro is larger or smaller than a, where
a =2.405e/m is the radius of the rf electric field null of
the TMp2p mode [Fig. 2(a)]. The value of the rf electric
field at rp then gives the deceleration gradient In te.rms
of the relativistic mass factor (y4), the energy loss by this
driver beam as it traverses the nth cavity is given by

dyd = —A8 (1)
dn

in a continuum description. In Eq. (1),

A =0.066(mL/c)Q(ld/I kA)

is the dimensionless parameter that measures the strength
of the cavity excitation by the primary beam,

0031-9007/94/72 (19)/3025 (4)$06.00
1994 The American Physical Society

3025



VOLUME 72, NUMBER 19 PHYSICAL REVIE% LETTERS 9 MAv 1994

(A) 2.4-- 700 keV

2.1—

iL ~ 0" 0 ~
I I I I I I I I I Iro(A) I I I I I I I I I ro(B)

~ o
I I I I I I I I I I I I I

ra{A) & a & ra(B}

1.8—

1.5

1.2

5.5

0 30

-(a)

125 keV-—+—
60 90

n

2.3 MeV

4.5

ro(A) intro(S) 3.5- -(b)

TMoio Mode TMozo Mode

2.5-
511 keV

FIG. 2. (a) Position of the primary beam radius pp (fo) a)
for secondary beam acceleration when both beams enter the
cavity at the same phase. (b) Position of the primary beam ra-
dius ro (ra& a) for secondary beam acceleration when both
beams enter the cavity at 180' phase apart.

order zero. In writing the last expression of Eq. (3), we

have made the assumption that the annular beam is locat-
ed in the vicinity of the rf electric field null (ra = a).

If the secondary beam enters the cavity at the same
phase as the primary beam, the former will be accelerat-
ed if ro) a, for in this case the rf fields experienced by
both beams have opposite polarity [Fig. 2(a)]. Since the
rf electric field has a radial dependence of Jo(&or/c), it is

obvious that I/i8i is the "transformer ratio, " which is the
ratio of the energy gain by the secondary beam to the en-

ergy loss by the primary beam, if both beams enter the
cavity at the same phase This . dependence on the phase
is reflected in the following equation which describes the
change in the relativistic mass factor (y, ) of the secon-
dary beam as it traverses the nth cavity:

)s = —A8cos(8, —ed ),
dn

where 8, is the phase of the secondary beam bunch and

Hg is the phase of the primary beam bunch when they
enter the nth cavity. Equation (4) is readily obtained
from Eq. (I) by noting the transformer ratio I/8 and the
phase difference mentioned above. Equations (3) and (4)
indeed show that y, increases if ro) a and if Od =0,.

The secondary beam cannot be accelerated indefinitely
because of the increase in the phase slippage between ed
and 8, downstream. This phase slippage occurs as the
primary beam is decelerated and the secondary beam is
accelerated. Its rate of increase is governed by

d(8, —Od) coL 1 1

dn c P, Pd

(5)
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FIG. 3. Evolution of the relativistic mass factors when the
driver beam radius ro is a constant: (a) the driver beam, (b)
the secondary beam. Phase slippage prohibits continual ac-
celeration of the secondary beam.

The eAect on the secondary beam by this phase slippage
is illustrated in Fig. 3, which is obtained by numerically
solving the system of three equations [(I), (4), (5)l in

three unknowns; yd, y„and 8, —Hd. The initial condi-
tions for these three unknowns are taken to be 0, —

Od =0
and yd =y, =2.37, corresponding to an initial energy of
700 keV for both beams. The other parameters are
co/2n=3. 65 6Hz, b=7.221 cm, L= 1 cm, a =3.146 cm,
ro=3.322 cm, Q =100, and Id =0.5 kA. Since we have
taken L =1 cm, the cavity number n is also the axial dis-
tance (z) in cm.

Figure 3(a) shows that yd decreases from the initial
value of 2.37 to 1.24 at n =90; i.e., the primary beam's

energy steadily decreases from 700 to 125 keV after
propagating 90 cm. The secondary beam's energy [Fig.
3(b)] increases initially, reaching a maximum value of
2.3 MeV after 24 cm, and then decreases due to the
phase slippage until n =56, and oscillates further down-

stream as the phase slippage continues.
The phase slippage may be corrected by adjusting the

primary beam's radius ro. Consider, for example, the
~orst case of phase slippage where the primary beam and
the secondary beam arrive at a cavity 180' out of phase,
as shown in Fig. 2(b). If the primary beam's radius ro is

less than a, it generates an rf electric field which would
retard both beams during the time when the primary
beam occupies the cavity. However, when the charge
bunch of the primary beam resides in the cavity, there are
few particles in the secondary beam residing in the same
cavity because both beams arrive at the cavity 180' out
of phase. By the time the charge bunch of the primary
beam is about to leave the cavity, the rf electric field is

about to change sign, at which time the charge bunch of
the secondary beam is about to enter the cavity, ~hose rf
electric held then begins to accelerate the entering bunch
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on the secondary beam. Thus, the phase slippage prob-
lem can be corrected by a simple cure: At the locations
where the bunches of both beams enter the cavity with
the same phase, place ro outside a. When the bunches of
both beams arrive at the cavity 180 out of phase, place
r 0 inside a.

Mathematically, it is easy to see from Eqs. (3) and (4)
that y, is a monotonically increasing function of n if ro is

tapered in such a way that (ro —a) cos(8, —Hd) )0.
The above idea of phase slippage correction has been

tested for the example shown in Figs. 3(a) and 3(b).
From that figure, the phase slippage occurs with a period
of the order of 75 cm. Thus, we correct the primary
beam radius ro according to
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ro(cm) 3.146+(3.322 —3.146)cos(2'/75) . (6)

Including only this modification, and keeping all other
parameters the same, we obtain Fig. 4. In Fig. 4, we see
that the primary beam's energy monotonically decreases
from 700 to 400 keV over 90 cm, whereas the secondary
beam's energy increases monotonically from 700 keV to a
maximum of 4.2 MeV over the same distance, in sharp
contrast to Fig. 3(b). The loss of 300 keV in the primary
beam and the gain of 3.5 MeV in the secondary beam
implies an effective transformer ratio of about (3.5
MeV)/(300 keV) 11.7.

In Fig. 4, the zero slopes in y, and in yd occur at the
axial positions (n) at which the driver beam radius ro
coincides with the field-null position a. The slight dip in

y, at n 90 only means that the primary beam's radius ro
needs further adjustment there. If we write rii a
+icos(qr), where 5 is the amplitude and y is the phase
of the modulation in ro, the general phase focusing condi-
tion reads dilly/dn d(8, —Hg)/dn This .condition is appl-
icable when the two beams have different velocities. In
fact, one might argue that this technique of radius modu-
lation provides both beams with self-focusing in phase,
similar to the self-focusing in synchrotrons [15].

The modulation in the annular beam radius may be
readily achieved by a proper adjustment of the external
solenoidal magnetic field which is often used for beam
focusing and beam transport [3-6,14]. Since the rate of
change of energy depends on the annular beam radius ro
[cf. Eqs. (1) and (3)], the output energy of the accelerat-
ed beam may also be controlled by the same external
magnetic field coils.

The above ideas may be tested in a proof-of-principle
experiment with parameters similar to those used to pro-
duce Fig. 4. The primary beam may be obtained, for ex-
ample, from the Michigan Electron Long-Beam Ac-
celerator (MELBA) [16], which operates with diode pa-
rameters of 700 keU, current up to 10 kA, and Aattop
pulse length up to 1 ps. This primary beam may be
modulated using the proven techniques by Friedman et
al. [3,4,6]. Note that the average acceleration gradient
of 40 kV/cm and the peak acceleration gradient of about
80 kV/cm implied by Fig. 4 are well within the rf break-

2
0
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FIG. 4. Evolution of the relativistic mass factors vrhen the
driver beam radius rp is modulated to compensate phase slip-
page: (a) the driver beam, (b) the secondary beam.

down limit. If we assume an acceleration efficiency of
25%%uo, a secondary beam of more than 10 A of current
may be accelerated to 4 MeV in less than a meter in this
proof-of-principle experiment.

There are many issues which may affect the eventual
usefulness of the two-beam accelerator concept outlined
above. Chief among them is the modification of the rf
characteristic that always accompanies an intense driver
beam, which includes a detuning of the structure frequen-

cy and a modification of the gap transit-time factor
[4,11,12,17]. Also of concern is the beam breakup insta-
bility (BBU) on the driver beam [10,13,14,17]. However,
we have recently found that BBU in an annular beam
may be far less serious than a pencil beam [18],and BBU
can be controlled by many well-known techniques [19].
The degree of coupling among neighboring cavities, espe-
cially in the presence of an intense beam, remains to be
studied [20]. Although the driver beam's radius is a cru-
cial factor, the effects of the beam's finite thickness are
far less important, according to our preliminary studies.
We have also examined the effects of the transverse wake
[21] and of the longitudinal instabilities [22] and found
that they are not serious, at least for the parameters used
in the above numerical example, assuming a solenoidal
field of 10 kG in the accelerating structure.

In summary, we propose a novel scheme which has the
potential of converting many existing pulse power systems
into compact rf accelerators that are suitable for industri-
al and medical applications. The driver beam is a modu-
lated intense relativistic electron beam of annular shape
and low energy ((1 MeV). The secondary beam is an
on-axis pencil beam. The secondary beam may reach an
energy up to 10 MeU in 1 to 2 m. Phase focusing and en-

ergy tunability of the accelerated beam may be provided

by an external magnetic field, which controls the radius
of the primary beam. While we have in this paper con-
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centrated only on electron acceleration in the 10 MeV
range, it is intriguing to speculate on the potential of us-
ing this technique (a) to accelerate ions to tens of MeV,
and (b) to accelerate electrons to ultrahigh energy using
superconducting cavities [cf. Eq. (2)] and higher energy
driver beams.
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