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Abstract 

MABE’ ‘2 1s a multistage lir.ear electron 
accelerator which accelerates up to nine beams in 
parallel. Nominal parameters per beam are 25 kA, 
final energy 7 MeV, and guide field 20 kC. We report 
recent progress via theory and simulation in 
understanding the beam dynamics in such a system. In 
particular, we emphasize our results on the radial 
oscillations and emittance growth for a beam passing 
through a series of accelerating gaps. 

Gap Single 

A typical MABE accelerating gap is shown 
schematically in Fig. 1. The figure represents the 
trajectcries of electrons in a 25 kA beam with initial 
kinetic energy of 1 Me?: (V = 3), final kinetic energy 
of 3 MeV (gap voltage = 2 MV). The calculation was 
done with the 2-D electromagnetic particle code 

MAGIC,3 using methods descrihe3 previously fcr similar 

problems, 4 including foilless d’odes 5 5 
L t gaps, 

extraction from the gu:de field, 
II and the effects of 

beam stops. 7,8 In addition to the Sean, Fig. 1 shows 
the parasiti’z gap leakage of 13 kA. Gap losses sLich 

as this have been a serious problem in MABE, 
2 because 

of the coaxial design of the gap. The intention of 
this design is to shield the beam from the self- 
magnetic fields of the other eight beams. 
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Fig. 1. Particle simulation of a MABE accelerating 
gap. The lower trajectories represent the beam 
(25 kk, ?(LHS) = 3, Y(RHS) = 71, the upper 
trajectories represent the parasitic leakage electrons 
(19 kA). The gap voltage is 2 MI. B. = 20 kc. 

* This work was supported by the U.S. Department of 
Energy. 

The effect of the gap in inducing radial 
oscillations in the beam is negligible for the case of 
Fig. 1. The reason is that the cyclotron wavelength 
AC 1s approximately equal to half the gap spacing d. 

This is an “antiresonance,” as we now show. 

The perturbing radial elec’.ric field bEr of an 

accelerating gap induces radial oscillations (zero 
frequency cyclotron waves) in an azimuthally symmetric 

electron beam according to9 

&R(z) = ---%- 6Er(zo) sin kc!zo - z)dzo , 
2, 

(1) 
mc ikc 

where the integration is over the interval of 
width = d where 6Er differs from zero, and where ER is 

the perturbed beam envelope, Ymc 2 
1s the average beam 

energy (kinetic and rest mass), e is the electron 
charge, and kc = 2r/ic = eBo/m‘tVo, with guide field 3. 

and beam velocity Vo. Ler. us idealize the shape of 

6E r by the somewhat realistic 

&E,(Z) = @,6(z) - 92siz - d) , (2) 

= p2 > 0 by Gauss’ Law, as shovn by Adler. 1 0 where 41, 

Of course, the main dcvist?zn of Eq. (2) from reality 
is that the peaks in 6Er should iave a finite width 

and amplitude, as in Fig. 23, but the delta functions 
are sufricient I for our purpose. We obtain 

K6R(z) = -q,U(z! sin kcz + $2U(z - d) sin kc(z - d)(3) 

where K = mc2Ykc/e, and U(z) = 1 for z > 3, 0 for 

z < 0. This result is plotted in Fig. 2b, wnere the 
total 63 is given by the sum of the two sine waves. 
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Fig. 2. The analytic calculatioc. (a) Input 5Er 

cf Eq. :2). (b) Output SR of Eq. (3), where the 
total 6R is to be obtained by adding the 1 and 2 
curves. Maximum SR amplitude results for Xc = 2d. 
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!:le,ar:y ::onst,v-!tL~~e intrr‘frr‘once betwrier. the :) 1 and 

,c, cnntribu:ions occ~rc for ii = A /2, which ue term 

“rescn~.nce” in the sense of maximum amp1 itude. More 

gWlP??lly, 

i = ?c, 2U3, 2di5, - - - resonance (4) 
c 

whereas the two waves are out of phase for 

x c 
= d, d/2, d/3, - - - . art iresrnance . _ (5) 

Returning to Fig. 1 and us:ng the average Xc, we find 

1 c 
= d/2, explaining why the rather large gap induced 

no oscillation on the beam. 

To test these results for a realistic 6Er(z), a 

serves of calculations with R beam-envelope code was 
performed using the EEr shown in Fig. 3. The envelope 

sol.mr includes an effect negl+?qted in Eq. (1); 
namely, the z-variation of Y. Hcwever , we fine basic 
agreement with Eqs. (4) and (51, as shown in Fig. 4. 
3ere, the amplitude of SR is plotted vs. he/d (using 

the average l.c). Note maxima in the amplitude at 

rbou: ;7/d = 1 .9 and O.a, corresponding to Eq. (ii), 

,rd mInIma at about 1 .O and 0.6, corresponding to 
Eq. (5). The actual SR(z) obta:red fcr X = 2d is 

given :r Fig. 5; other points ir Fig. 4 w”,re obtained 
by varying hz and measuring the amp1 itude of the 

resulting f:nal oscillation in :i simi13r fashion. 
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Fig. 3. 6Er:z) at beam edge from Poisson solution 

for the fields of H s;ll: I” .LtiE-type gap accelerating 
a 25 kA beam. 
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Fig. -1. Amplitude of beillll envelope oscillatioc vs. 
kc/d, from solution to envelope equation in field 
3 _ 

0 
= 20 kLJ, for a 25 kA beam in gdp corresponding 

to Fig. 3. 

Xe note several features of Fig. 4. First, the 
main X c = 2d “resonance” is very broad; values of it/d 

from, say, 1.5 to 2.5 all give a subs:antial 
amplitude, so that if one wishes tc design a system 
to miss this region, one must for typical parameters 
use a high voltage injector. Second, the relative 
amplitude in Fig. 5 is about ll%, carrying the beam 
edge to a radial excursion slightly less than halfway 
to the drift-tube wall. Thus, in this (and most) 
examples, being near Xc = 2d for one gap is not in 

itself catastrophic. The danger comes for electrons 
whicn acquire this “large” oscillation and then reach 
the next gap with the sjrong phase. Finally, we may 
compare the envelope result of Fig. 5 with the 
analytic Eq. (3). Estimating &I, = ~$2 from FLg. 3, we 

get the maximum amplitude of 1 .6 mm, compared wi’,h 
1 .2 mm in Fig. 5. Finally, we note from Eq. (1) that 
at very high Y, such that AC >> d, the amplitude of SR 

decreases as l/Y. 10 
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Fig. 5. Beam envelope for “resonance” case AC = 2d 

.n Fig. 4. The drift-tube wall is at r = 1 .25 cm. 

Multiple - Gaps 

We cons:der next the behavior of a beam as it 
passes throllgh four gaps in SerieS. An electron map 
from a sample simulation is given in Fig. 6. The 
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Fig. 0. Four-gap MABE simulation (electrcn map) using 
MAG:C. Beam: initially warm, 25 ZA, input energy 
1 MeV, output energy 9 MeV. Caps : 2 MCI each, 
d=3cm, Eo=20kC. The benm passes tnrough the 

x c; = 2d resonance in gap 3. 
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parameters usec earlier are sgain employed, except the 
i?plJt beam is "warm"; specifically, the initial r ar.d 
d velocities V r and V e were selected randomly from the 

interval (-c/-O, +c/lO). We note the sudden increase 
in radius after the third gap; this is accounted for 
by the fact that ic = 2d tnere, a “resonance” from 

Eq. (4). (Compare Fig. 5.) The beam is accelerated 
from 1 MeV to 9 MeV by the Ez field seen in Fig. 7; 

the dEr of each gap is similar to that in Fig. 3. 
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Fig. 7. EZ(z) at r = 1.1 cm corresponclng to Pig. 6. 

From Fig. 5 we see that one effect of the gaps is 
to thicken the annulus somewhat; however the 
cumulative SR is only about 1 mm. A more interesting 
(but related) effect is the emittance growth. If ‘we 
define emittrnce as the radius in transverse YVr - YVO 

phase space, the result is shown in Fig. 8. This 
“emittance” increases by a factor of about 4.5 in 
passing through four gaps. However, this definition 
includes the increase in Y of about 4 per gap caused 
by the accelerating Ez of Fig. 7. If instead we 

def1r.e emittance in terms of @, = (v; + $)“2,c,” 

[i.e., div:de by Y ;r Fig. 8), we find that the 
emittance actually decreases slightly as the beam 
traverses four gaps. (This would not be true for an 
initially “cold” beam, but in that case the emittance 
grows, levels off, and then decreases after many 
gaps.) 
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Fig. 8. YVe vs. YVr phase space corresponding 

to Fig. 6. This illustrates the beam emittar.ce growth, 
as a functior. of the gap number, including the 
increases in Y. 

To understand why ?l should decrease after enough 

gaps that AC >> d, recall that &R (induced by a single 

gap) = l/Y so that the total cumulative radial 

oscillation amplitude is limited to some value iRlim 

(we assume no wall loss). Since the f inn1 
oscillation is still a (zero-freq,Jency, ‘Qyclotron 
wa”e, it follows that the associated fil must be 

B 
2TrirsXlim , 

i=--xa- . Y 
c 

Thus the eaittance as conventiocally defined 11 should 
decrease with gap number after many gaps. 

Concl Jsior. ---- -- 

Based on the calculations presented, there does 
not seem to be (in principle) an upper limit on :he 
number of gaps which can be traversed by an initially 
good-quality beam from a carefully designed diode 
injector. The first few gaps are the most dangerous, 
especially if the “resonances” of Eq. (4) are not 
avoided. As Y becomes large eno,ugh that hc >> d, the 

beam emittance should decrease as l/Y. These results 
suggest a considerable advantage in beginning with a 
high-voltage injector. 

We emphasize that all our calculations have been 
two-dimensional. ?erhaps further studies of beam 
dynamics in high-current linacs should await the 
advent of efficient 3-D codes which can include 
phenomena such as “beam-breakup” and “image- 

displacement” instabilities. 
4,12 If these occur in 

systems stich as MABE, they may dominate the 
azimuthally symmetric radial oscillations. 

Acknowledgment --- 

We gratefully ac’<nowledge the advice and support 
of R. B. Miller. 

References _I--- 

[I] P. D. Coleman, J. J. Ramirez, D. E. Hasti, R. B. 
Miller, T. W. L. Sanford. J. W. Poukev, A. W. 
Sharpe, and C. W. Huddle; Bull. Am. Phys. sot. 
29, 1275 (19841. 

[2] ?? D. Coleman, "Beam Transport Results on the 
Multibeam MABE Accelerator,” tnis meeting. 

[3] B. Goplen, R. Clark, J. McDonald, and W. Eollen, 
Mission Research Corporation Report 
MRC/WDC-R-068, September 1983. 

[4] J. W. Poukey, T. P. Hughes, B. B. Godfrey, and 
M. M. Campbell, IEEE Trans. Nu:1. Sci. .u, 
2389 (1983). 

[5] R. B. Miller, K. R. Prestwich, J. W. Poukey, and 
S. L. Shope, J. Appl. Phys. 51, 3506 (1980). 

[6] T. C. Genoni, M. R. Franz, BTC. Epstein, R. B. 
Miller, and J. W. Poukey, J. Appl. Phys. 5;?, 2646 
(,1981). 

[7] T. W. L. Sanford, P. D. Coleman, J. W. Poukey, 
Bull. Am. Phys. Sot. 2, 1345 (1984). 

[8] T. W. L. Sanford, “Measurement and Interpretation 
of Electron Angle at the MABE Beam Stop,” this 
meeting. 

[9] K. R. Symon, Mechanics (Addison-Wesley, 19711, -____ 
p. 61. 

[lo] R. J. Adler, Phys. Fluids 6, 1678 (1983). 
[ll] A more conventional definition would be 

2Rl(max)Ar, where Or is the width of the beam 

annul us. In these terms the initial emittance in 
Figs. 6 and 8 is about 0.08 cm-rad. 

[12] R. J. Adler, B. B. Godfrey, M. M. Campbell, D. J. 
Sullivan and T. C. Cenoni, Part. Accel. 13, 25 
(1983). 


