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INTRODUCTION

Some schemes of the two-beam accelerator (TBA) driver based on a linear induction

accelerator (LIA) were discussed in [1-4]. In these schemes the driver electron beam moves

through a row of alternating microwave generators (free electron lasers (FEL), relativistic

klystrons, etc.) and reaccelerating sections. The microwave power is totally extracted after

every generation section. This kind of driver was experimentally investigated in [5], where

reacceleration of a bunched electron beam travelling through two induction accelerator cells

was demonstrated. The continuous extraction of the microwave power along the whole

driver length was designed in CLIC [6] and the corresponding beam dynamics was also

studied in [7].

A new scheme of TBA driver based on a linear induction accelerator was suggested

in [8]. The scheme has the following characteristic properties:

a) the electron beam bunching occurs at a rather low ~ 1 MeV initial energy;

b) the bunched beam further acceleration occurs in the accompanying enhanced microwave

that provides the steady longitudinal beam bunching along the whole driver;

c) there is no total microwave power extraction anywhere in the driver. Besides, partial

extraction is needed to provide the quasi-stationary beam transition and RF field

sufficient for maintaining the beam bunching;

d) a beam-loaded smooth waveguide is used along the driver.

The driver consists of an injector, buncher and long (a few hundred meters) row of

separate LIA sections producing the external accelerating electric field and partitioned by

transition chambers. The injector produces the initial electron beam with an energy of 1

through 2 MeV and a current of 0.5 through 1 kA. This beam is injected into the buncher. It

may be a travelling wave tube (TWT) working in the amplification mode. It was shown in

[9] that a high degree of bunching can be rather easily achieved in the TWT at the distance

of ~ 1 m. Then the electron bunches continue moving in the LIA in accompaniment with the

microwave enhanced in the TWT. The accelerating electric field may be applied

continuously along the whole driver length or only in discrete accelerating gaps. The

microwave power extraction from the driver occurs only in the transition chambers. The
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system attains the steady state at first few tens of meters where the bunch energy increases

up to the level of ~ 10 MeV. Then the section of quasi-stationary microwave generation

begins where the total power, the accelerating field inserts into the beam, transforms into the

microwave power.

The scheme has the following merits:

1) a possibility of providing the microwave phase and amplitude stability. The phase

stability can be obtained at the expense of quasi-continuity of the system. It means that

only mechanical tolerances will be significant.

2) due to the bunched beam acceleration it is not necessary to have the electron beam

bunching at the energy of ~ 10 MeV.

1. SIMULATION OF ACCELERATION OF ELECTRON BUNCHES

ACCOMPANIED BY ELECTROMAGNETIC WAVE IN EXTERNAL ELECTRIC

FIELD

We have three characteristic regions of the driver:

1) bunching region with a TWT and without acceleration;

2) transition region with beam acceleration;

3) quasi-stationary beam propagation region.

As it was shown in [9], one can obtain the electron beam bunching in a TWT at a

rather short length of ~ 50 cm for the electron beam and E0\ type microwave parameters

presented in Table 1.

Table 1. Beam and wave parameters for the TWT buncher used in the simulation [9].

Electron beam energy

Electron current inside TWT h

Electron beam radius

Microwave frequency ./£>

Initial microwave power in TWT

TWT output microwave power at the transition region entrance

~ 2.2 MeV ( f t - 5.31)

- 5 0 0 A

- 0 . 5 cm

17 GHz (A -1 .76 cm)

10 kW

13MW



Without the accompanying microwave, the debunching process will immediately

occur at the distance of about few tens of centimeters. The simulation has shown that the

electron bunches can be transported at the distance of ~ 10 m if the microwave accompanies

the bunches. The most encouraging situation is when the moving bunches are simultaneously

accompanied by the amplified microwave and accelerated in the external electric field inside

a corrugated waveguide. The waveguide must be transparent for the pulse accelerating field

and a good screen for the microwave.

The following system of differential equations has been used for the simulation of the

bunched beam acceleration after the TWT output [7,9,10]:

dW.
f = -Fcosi//j+e0, (1)

J 2I(A + (2)

dF
— = 2nJ < cosif/j > -VF , (3)

F — = -2ml < sin w , > . (4)
dC '

Here Wj -y .jy^ is the normalized energy of the /-th particle, C, = knzJ2yl is the

longitudinal dimensionless coordinate, ka = a^lc is the wave number in the free space,

(Oo = 2nfo is the microwave frequency. The value 6} is the phase of the j- th electron relative

to the electromagnetic field; <p is the phase of the microwave complex amplitude

(F = Fexp(i(p)), if/j = (p + 0j is the total ponderomotive phase. The value

F = 2yae | E2 \/mca>0 is the dimensionless amplitude of the microwave longitudinal electric

field. Parameter Ao = \lp.o - 1 1 Pph defines the initial detuning of the wave-particle

synchronism; /?„• is the longitudinal dimensionless electron velocity, and p,,h is the

microwave phase velocity the waveguide should be designed for. The parameter

£„ = 2y0eEa/ma>0c is dimensionless value of the external electric field Ea; the parameter V

is the attenuation constant characterizing the distribution of the microwave losses alorig the

driver.



The brackets in the equations (3) and (4) denote an average over the bucket. We

define the bunching parameter as B = < e'v >| [11].

The processes of the preliminary beam bunching and the microwave amplification in

a TWT may be simulated by the same system of equations where the £o and T values are

equal to zero.

The beam-microwave interaction parameter ./ is proportional to the cubed Pierce

parameter value:

• / = "I, IZ, (5)
mn c'/e

where

is the beam-wave coupling impedance (N is the wave power in the given mode). The

coupling impedance for beams in slowing structures is derived in Appendix A.

Now let us proceed to the beam-wave interaction immediately in the driver. We can

evaluate the necessary steady state parameters from (1-4) to provide the quasi-stationary

beam transition along the driver. Taking into account that the beam is bunched in the vicinity

of i// ~ nil we obtain

iff« nl2-&JF, T ~ ine^lF2 and 2y{-r( 1 /J3:j - 1 //?,,/,) - 2mJIF2 = 0. (7)

The beam and wave simulation parameters correspond to the ones obtained at the

TWT output under the conditions stated above (Table 1). The beam at the buncher input is

monoenergetic with the beam longitudinal velocity ft*-, - po corresponding to the relativistic

factor of ya. To estimate the values of T and ppi,, we took the amplitude F value from the

TWT bunching process calculation [9] and fi:J« 0.9989. Then we have T«0.18 and the

phase velocity in the steady state /?*« 1.03. (Note that it does not make any contradiction

with Cherenkov condition for radiating particles, whose velocity is always less than the

speed of light. The matter makes the effective shift of the microwave phase velocity in a

beam-loaded waveguide as well as on the stage of preliminary beam bunching. The "beam

loading effect" is discussed more in detail in Appendix B.)



In the transition region the beam has to be accelerated from the energy of ~ 2

MeV up to the energy of 10 MeV. It corresponds to increasing the microwave phase

velocity ppt, from /?o ~ 0.982 up to /?* ~ 1.03. In the simulation the following spatial

function of J3pi, was accepted:

pph(z) =/30 + {J3'~ /?»)( 1 - exp(-Az)) (8)

where the K— 0.0178 cm"1. To provide the space changing of the phase velocity, we

must vary the corrugation amplitude, spatial period and the mean waveguide radius

under the condition that the beam-microwave interaction parameter./ does not change.

2. SIMULATION RESULTS

To specialize parameters Y and ft with respect to the first rough estimation (7),

the system (1-4) for the close parameters values is solved. Minimizing the deviation of

the microwave power from its average level inside the quasi-stationary beam propagation

region, we get the following final parameters values: F =» 0.112 and 0" « 1.02. The first

set of calculations has been accomplished for the case when the external electric field Ea

and the attenuation constant Y are continuously distributed along the driver. The particle

phase-energy distributions obtained at the TWT output were taken as the input data to

calculate the steady state of the driver.
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Fig. 1. The electron mean energy versus the distance for: 1 - continuously distributed

driver parameters; 2 - discrete periodic cells, 3 - discrete cells with narrow accelerating

gaps.



Our calculations have shown that the bunching process in the TWT must be

interrupted a little bit earlier than the bunching parameter B attains its maximum value.

Then we have no particle losses in our further calculations in the driver. Fig. 1 (curve 1)

shows the calculated dependence of the bunch mean energy f on the distance (z-0

corresponds to the TWT output).
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Fig. 2. The microwave power versus the Fig. 3. The bunching parameter versus the

distance for continuously distributed driver distance for continuously distributed driver

parameters. The power level PQ at the parameters,

driver input (TWT output) is about 13 .

MW.

The dependences of the microwave power and the bunching parameter B on the

distance are presented in Figs. 2,3. As one can see from these figures, the steady state of

the system is achieved at the distance of ~ 40 m. The power level of the transported

microwave in the steady state is equal to ~330 MW. The mean steady state bunch

energy is ~ 7.5 MeV. Besides, we have a rather high bunching parameter B ~ 0.9 in the

steady state. The electron phase picture (Fig. 4) presents the distribution for a small

beam fragment corresponding to the bunching period (the particle ensemble initially

distributed uniformly in the phase interval 0<#<27r). The appearance of "lagged"

particles denotes the particle exchange between bunches.



The power per the length unity set into the electron beam by the external electric

field is equal to ~ 500 MW/m. It transforms into the microwave power in the steady

state.
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Fig. 4. The typical electron phase space Fig. 5. The microwave power versus the

picture at the distance of 100 m for distance from 100 m through 110 m for

continuously distributed driver parameters, discrete periodic cells.

The stability of the steady state solution with respect to a possible error in the

electron beam current 4 was also investigated. The calculations have shown that we still

obtained the steady state solution up to the error values of SI/I « ±10%.

A real LIA consists of separate induction sections partitioned by transition

chambers, so that it has a discrete structure. The second set of our calculations was

performed for the realistic induction section parameters. As a result, the optimal lengths

of the induction sections (4 = 50 cm) and transition chambers (/, = 25 cm) were found.

The microwave extraction was switched on only in the transition chambers. The electric

field Ea was equal to 1.5 MV/m inside the accelerating sections. This corresponds to the

same accelerating gradient averaged over the driver length as in the upper case of the

uniform external electric field and microwave extraction.

The dependence of the bunch mean energy on the distance is shown in Fig. 1

(curve 2). One can see a short range of dependence of the microwave power along the

distance of 10 m (from z = 100 m through z — 110 m) in Fig. 5.
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In the third set of calculations for the same lengths of the accelerating sections

and transition chambers the only difference was the following: accelerating voltage of

every section (750 kV) was concentrated only on the gap 7.5 cm long located at the

beginning of every section to make a more simple waveguide in this case. The

dependence of the bunch mean energy on the distance is depicted in Fig. 1 (curve 3). The

steady state also occurs when the system has the discrete structure. The bunching

parameter B also stays high along the driver (B - 0.9). The microwave power amplitude

stays rather stable.

3. FIRST SET OF EXPERIMENTS

The first set of our experiments was carried out with the the beam buncher. As

the buncher we used a Cherenkov relativistic TWT made from thin copper previously

used in [12]. It had the length of- 45 cm and main radius 9.1 mm.

We used the electron beam with the energy of- 600 keV, electron current - ISO A

in the TWT and the beam radius - 5 mm in these experiments. The longitudinal uniform

magnetic field with strength - 0.3 T was used for the beam focusing. The slowed-down

electric-type wave £oi of the oversize cylindrical waveguide with the corrugated wall

was chosen as an operating wave. The phase wave velocity pph = 0.86 at the operating

magnetron frequency/= 36.4 GHz was close to the electron velocity. The scheme of

these experiments is shown in Fig. 6.

The input signal at the wavelength X = 8.24 mm was transmitted into the

operating waveguide (8) from the magnetron (6) along the waveguide (5) with the help

of the quasi-optical mirror (16). To prevent the parasitic self-excitation of the system, the

smooth conjugation of the corrugated waveguide with the output horn was utilized. The

quasi-optical mirror had a hole for the electron beam flight and was placed before the

corrugated waveguide by using the device (17) so that the microwave power level at the

TWT input was as high as possible. As a result, the microwave losses from the

magnetron to the TWT input were - 13 dB, i.e. the initial power level in the TWT was

~5kW.
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Fig. 6. Scheme of the experiment: 1) electron gun; 2) electron beam; 3) accelerating

sections; 4) tuning magnetic lens; 5) microwave transmission line; 6) magnetron;

7) magnetic field coils; 8) decelerating corrugated cylindrical-surface waveguide;

9) quartz strip; 10) deflecting magnets; 11) optical Cherenkov radiation; 12) microwave

radiation; 13) RF detector; 14) optical mirror; 15) streak camera IMACON-500;

16) quasi-optical mirror; 17) mirror fastening system; 18) mode transformer; 19) and

20) vacuum windows.

The microwave was transported from the magnetron onto the quasi-optical

mirror through the special wave mode transformer (18) where the mode transformation

took place according to the following scheme: Hw => Hn => £oi- The vacuum window

in the output horn (20) was made of a polyamide film.

A numerical simulation of the beam bunching and microwave amplification was

carried out. The electron density distribution in the beam cross-section is considered to

have the "gaussian" form, i.e. it is cc exp(-(r2fre/)) (see Appendix A). The distribution

"tail" is certainly being cut by the waveguide (rng = 9.1 mm), so it needs to be normalized
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properly. The rout-mean-square radius value, which is equal to reff exactly for "uncut"

gaussian distribution, starts to deviate from it appreciably after reff& 4.5+5 mm.

The calculated dependence of the microwave power on the distance from the

buncher input for the mentioned above electron beam parameters is shown in Fig. 7.

Fig. 8 shows the calculated spatial evolution of the bunching parameter B for our

experimental conditions.

4.0 -, 0.8 -|

0 . 4 -

0.0 0.0
20 SO 120

Length, cm
160 20

Fig. 7. The TWT microwave power versus Fig. 8. The TWT bunching parameter

the distance from the buncher output. versus the distance from the buncher

output.

Fig. 9. The shape of the microwave power signal from the semi-conducting

detector (upper trace) and electron beam current in the TWT (lower trace). The current

amplitude is 150 A.
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The calculated coupling impedance Z was « 0.18 Ohms. The output microwave

radiation consisted basically of the £Oi wave and small admixture of asymmetrical waves.

The microwave power and directional pattern were measured with the help of a

calibrated semi-conducting detector. The corresponding signal from this detector is

shown in Fig. 9 (upper trace). The microwave pulse duration was ~ 80 ns (at half

maximum).

The measured maximum of the amplified microwave power was equal to - 5

MW with the gain ~ 30 dB. Coincidence with the calculations was rather good.

We used a quartz strip (3 mm thick, 3 mm wide and refractive index n = 1.46) for

bunch dimension measurements. The target was placed on the electron bunch trajectory

at the distance of ~ 80 mm from the TWT output (see Fig. 6). The electron bunches

moved from the TWT exit to the quartz strip accompanied by the microwave, passed

through the strip and generated Cherenkov radiation which was taken out through the

vacuum window (20) (see Fig. 6). Hereupon Cherenkov radiation was directed to the

input slit of the streak camera (15) by means of the optical mirror (14). The measured set

of bunches is shown in Fig. 10. Sweep speed is equal to 13.3 ps/mm.

Fig. 10. Temporal profile of the bunched electron beam recorded by the streak camera.

The digitized set of these bunches is shown in Fig. 11 where the background was

taken into consideration.

The corresponding Fourier spectrum is shown in Fig. 12.
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Fig. 11. Digitized intensity of Fig. 10 (in Fig. 12. Fourier spectrum of Fig. 11 (in

arbitrary units) plotted versus time. terms of the bunching parameter).

We observe a significant peak at the frequency close to 36.4 GHz. The

experimental bunching parameter is then defined as the ratio of the Fourier components

at 36.4 GHz and zero frequency, respectively. The bunching parameter B was ~ 0.4 in

our experiments that is close to the B value obtained in [13] at the beam energy of 2.2

MeV.

The numerical simulation has shown the electron bunches to be completely

destroyed at ~ 4 cm after the TWT output if the beam is not accompanied by the

amplified microwave. At the same time, the fulfilled experiments have confirmed that the

electron bunches keep a high level of the bunching parameter at the distance of- 10 cm

from the TWT exit being accompanied by the amplified microwave.

CONCLUSIONS

1. Our simulation has shown that a steady state could be found when electron

bunches accompanied after a TWT by an amplified microwave are simultaneously

accelerated in the external electric field both for continuously distributed system

parameters and for discrete parameters of accelerating sections.

2. The total power, which is inserted into the beam by the accelerating field,

transforms into the microwave power in the steady state. It was equal to ~ 500 MW/m in
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our case. Such kind of systems can serve effectively as a rather long (hundreds of meters)

driver for the TBA concept.

3. The first set of experiments, fulfilled with the buncher, has shown that the electron

beam, accelerated in LIA-3000 and with a TWT allows us to obtain the necessary level of

the amplified microwave power (~ 5 MW) and a high enough bunching parameter (B ~ 0.4)

for carrying on further experiments with the TBA driver scheme. The electron beam

bunching was registered with the help of Cherenkov radiation in the TWT amplifier at the

frequency of 36.4 GHz.

4. The fulfilled experiments have also confirmed that the electron bunches keep a

high level of the bunching parameter B at the distance of ~ 10 cm from the TWT exit being

accompanied by the amplified microwave. The simulations made by means of the code

PARMELA have shown that electron bunches debunch practically completely at this

distance if they move without the microwave.

5. The planned test experiment based on the JINR LIA-3000 is expected to give a

possibility of studying the bunching, microwave generation, beam propagation and twofold

microwave extraction.

APPENDIX A. BEAM-WAVE COUPLING IMPEDANCE

For the slow wave of £oi-type in a waveguide with slightly corrugated walls, one can

search for the solution of Maxwell's equations by means of Herz's vector [14] m the form:

n = (0, 0, n exp(/^z)), where Fl = UaI()(k, r ) . (Io is the zero-order modified Bessel

function). Here k2 is the longitudinal wave number, kL = yjkj - k^ is the transversal wave

number (k0 - the wave number in the free space). (Note that calculating the k2 value one

must take into account the additive due to the beam loading - see equation (B6) in

Appendix B.) So the axial component of the electric field intensity is
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The power of the given mode is N = Re^S^cr =-kzkon
2

o J / f ^ ^ f , where S2kzkon
2

o
a- * 0

is the axial component of the complex Poynting's vector, a is the waveguide cross-section

(dcf— r dr dip), r,,x is the mean waveguide radius.

For the beam having a pipe profile of radius rb (6) yields:

(Al)

For a paraxial electron beam let us suppose that the density has the Gaussian form,

i.e. it is proportional to exp(-(r*/re/)). The distribution "tail" is certainly being cut by the

waveguide, so it needs to be normalized properly. The rout-mean-square radius value, which

is equal to reff exactly for the "uncut" Gaussian distribution, starts to deviate from it

appreciably (decreasing) after reg ~ r^ II.

Considering the particle distribution as the superposition of rings of infinitesimal thickness

and using the equation (Al), one can easily obtain the expression for the beam-wave

coupling impedance. The function ll{kxr) in (Al) will be replaced by its integral over the

waveguide cross-section with the Gaussian weight, divided by a factor to account the cut-off

of the Gaussian distribution within the radius r^:

(A2)

APPENDIX B. ELECTRON BEAM LOADING OF THE WAVEGUIDE

The distinctive feature of the TWT calculations is the large electron beam loading of

the waveguide. It conduces to essential alteration of the microwave phase velocity and to the

change of the wave-particle synchronism condition. To study the beam loading effects and,

particularly, to determine the addition to the longitudinal wave number k2, one can linearize

the beam-wave equations [15] (the input beam is supposed to be mono energetic).

Within the bunching region of the driver the equations (1-4) are valid at T - &s = 0.
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Let us take 9} = 9j0 + 2^0
2A0f + 59j and take into account that S(—) = -3—- 5WJ for

Pj P.-a/ii

the longitudinal motion. Then, accepting

8WS = Y,Wm exp(i(9j0 + 2y;A0C + amQ) + c.c. (B1)
m

89, = ]>>£ , exp(/(5j0 + 2rn
2An<r + «,,,O) + c.c. (B2)

m

2]# (B3)

the system (1-4) reduces to a linear algebraic system for the complex amplitudes. The

systems have non-trivial solutions under the following condition:

«„, («„, + T-rlAo)
2 - 2w . / /#o = 0. (B4)

It determines the linear increment value for the microwave amplitude

(E, cc exp(Gz))

G= --^lmam, (B5)

and the additive to the longitudinal wave number due to the beam loading:

5k, =--^\Rea . (B6)
• 2cyl

This additive should be taken into account when the beam-wave coupling

impedance is defined.

For the solutions having Re a > 0 the "loaded" wave phase velocity

Pph = a/ck~ = co/c(/<zo+<5?rr) is lower than the "unloaded" one. Particularly, the Cherenkov

synchronism may be attained even when J3pi, > 1.

To put it correctly, (B4) is not a simple cubic equation on a,,, since factor./ is a

complicated function of k:, and hence depends on a,,,. However, within the framework of

the linearized approach, one needn't solve (B4) exactly. The first iteration when the

equation (B4) is solved for the non-perturbed J value turns out to be quite enough. The

computing experience for the chosen waveguide geometry shows that the scale of the

correction at the next iteration is lower by about one order of the magnitude.

In the case of exact initial synchronism (i.e. at An = 0) (B5) and (B6) are reduced to
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_ _ (B7)

To illustrate the beam loading effect, we simulated the processes of beam-microwave

interaction for a TWT oriented on various microwave velocities. For the electron beam the

parameters of L1U-3000 facility (beam current of 200 A, electron energy 800 keV, beam

cross-section radius /',,/•— 4 mm) were taken. Fig. Bl presents the calculated from the system

(1-4) dependence of the maximum microwave amplitude at the buncher output (x Fmjx) on

the /?,,/, - the "unloaded" phase velocity of the wave.

l.o

b~ 0.8

S 0.4--I
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0 . 8 -

S3 |
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Unloaded waveguide phase velocity

0Q
0.2-
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Fig. Bl. Dependence of the microwave Fig. B2. Dependence of the bunching

amplitude at the buncher output on the parameter on the unloaded waveguide phase

unloaded phase velocity $,;,. The cross velocity /?,,;,.

corresponds to the initial electron beam

velocity.

The cut-off character of the dependence is caused by the Cherenkov threshold.

Availability of the amplifying effect when the longitudinal beam velocity /?[ < J3,,i,, is

connected with the beam loading. The beam loading decreases the microwave phase velocity

down to such a value /?,,;,* when the wave-particle synchronism is established and the energy

transfer from the electron beam to the microwave takes place. This effect allows us to use a

smooth waveguide with fiph » 1 in the LIA section. The similar kind of the dependence is

given by the simulation for the electron beam bunching parameter B (also the maximum

value at the end of the bunching process).
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