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Generation of single-frequency coherent transition radiation by a prebunched electron beam
traversing a vacuum beam tunnel in a periodic medium
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(Received 8 March 2002; published 31 December 2002

A classical Maxwell equation longitudinal boundary value problem analysis of a prebunched ac electron
beam traversing a vacuum tunnel in a periodic layered dielectric medium is used to calculate the single-
frequency coherent transition radiation power generated per unit length. For low voltage electron beams in the
kilovolt range, only transition radiation is produced, the Cerenkov effect being below threshold. A numerical
example indicates that power levels of the order of milliwatts per centimeter can be produced in the 35 GHz
range with 3—10 keV beams. An interesting aspect of transition versus Cerenkov radiation is that the transition
“cone” of radiation is in the backward direction of the charge beam.
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[. INTRODUCTION tion of radiation fromM multiple films to obtain spectral
intensities varying ad1? was a key point in the Chu paper.

Cerenkov and transition radiatidi€R, TR) have a long Also, foils separated by a vacuum yield two orders of mag-
history [1,2]. The first experimental studies of CR were by hitude greater intensity than striated media.
Mallet [3] in 1926—-1929 and Cerenk4] in 1934—1938. In One objective of this paper is to apply the prebunched
1937, Frank and Tamiib] were the first to publish a classi- electron beam-vacuum beam tunnel technique used in the
cal Maxwell treatment of the problem. CR study and experiment to the TR problem. Similar to the

Most of the hundreds of papers written on CR have beefrR problem, the TR can also be realized by passing the
the use of the effect for the detection of high energy par_charges near as vyell as 'through the dielectric structure. The
ticles. There was a proposal by Ginzbiif] in 1947 to use vacuum tunnel will again provide for a Iong_ interaction
CR for the production of microwaves but no serious experi-Iength and a low voltage keV beam to obtain detectable
mental work seems to have been done until 1960 when Cold2°"e"

man[7] and his studenti8,g] focused on producing single- There will be similarities and differences in the CR and
' b Ing single- g problems driven by bunched beams. For the CR case,
frequency coherent CR at the watt level in isotropic

. . . ) . coherent radiation will be produced at all harmonic frequen-
dielectrics, fgrntes, :?md an|s_0trop|c plasmas. ) cies where the beam velocity exceeds the phase velocity of
The physical basis for this large increase in power levelne medium. A periodic dielectric medium will also have
over previous work wasl) the use of a prebunched relativ- 455 pands. Hence for the TR case only harmonic frequen-
istic electron beam rich in harmonics of the base bunchingies in the pass bands can be produced. Also the periodic
frequency, with a small velocity spread to retain its harmonicgielectric medium will produce an infinite set of coupled TM
content over a long interaction distan¢g) using a vacuum mode fields all with different phase velocities. In the CR
tunnel for the beam in the material to avoid scattering, ioncase, only a single TM mode field is produced. Needless to
ization, and destruction of the bunching. say the TR problem, with its many new features, is more

The power radiated varies as the square of the chardie. If challenging to analyze than the CR problem.
charges are in a bunch whose dimensions are small com- As will be seen directly, the TR problem is more compli-
pared to the wavelength, spacial coherence will be obtainedated to solve than the CR problem. The periodic medium
and the power will vary as the squarefA bunched peri-  will result in an infinite number of coupled TM mode fields
odic beam achieves this spacial coherence plus permits thie be produced precluding a compact closed form solution
generation of harmonic fields. like those obtained for the CR problem. Also to represent a

The first treatment of TR was by FrapkO] in 1946 and layer dielectric structure requires an infinite Fourier series.
by 1990, over 300 papers had appeared in the literglre  To minimize the math but still display the basic physics of
Most of these papers have considered a charge or singléhe TR problem, only three terms will be used in both the
charge bunch passing from vacuum into a dielectric orFourier series and TM fields. This will mean that these ap-
through a thin metal sheet. This radiation is incoherent withtproximations will underestimate the power that can be pro-
a broad spectrum. Also it is difficult to separate the CR fromduced.
the TR. The problem of computing the power expected from an

The interest of using TR to produce x-rays has existed foinfinite set of coupled TM mode fields of the same frequency
over 20 years. This has been achieved with MeV and Ge\s tedious. If one were to choose to consider a finite number
electron beams passing through thin single or multiple metadf fields as few as three for example, it would not change the
films. Two examples are the 1980 paper by Gial. [11] basic physics of the problem, only the accuracy of the re-
and the 2000 paper by Lastdraggral. [12]. In-phase addi- sults. From a practical point of view, if three terms in the
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Periodic Dielectric Medium The analysis will apply equally to each beam harmonic,
hence without loss of generality only the fundamental beam
/ current will be considered.
€ I The z component of the electric field obtained from Eq.
l (4) in cylindrical coordinates is given by the expression
..................... Eym s 19/ 0, &°E, [w)\? c\?
I ¢ 2r, S —lr= “+| =] E=—iwu|| =] —1]3;
T rar\ or 972 c u
5
e/ /1 )
with solution for region | seen to be
- . iJ .
FIG._ 1. Prek_aunphe_d elec_tron bgam injected into a vacuum beam E,a=|Alo(acr)+ ! g i(w/U)z (6)
tunnel in a periodic dielectric medium. wWeEq

series would yield negligible power, it is unlikely that adding wherel o(ar) is the modified Bessel functidi4] of the first
more terms would save the problem since the series mudfnd of order zero.

converge. The separation constant, is given by the relation
In this paper, only two and three field models have been 2 2
analyzed. In the numerical calculations frequencies in the 35 =2 E) —-1/=0 (7)
. . . 1C = .
GHz range were arbitrarily chosen in order to perform pos- c u

sible experiments to verify the theoretical calculation. ] ) )
In region Il, the equation foE, is from Eq.(4),

Il. COUPLED FIELD ANALYSIS

19/ 0B\ &%E _ _
( Z) z +(1)2/.L[§0+Slelkz+8,1eilkZ]EZ

The structure to be analyzed is shown in Fig. 1. It consists |1 gr r? 972
of a periodic dielectric containing a beam tunnel of radiys
into which a prebunched ac beam is injected. It is assumed d
that the beam fills the beam tunnel so that the problem to be =~ 57
analyzed is a two-region Maxwell boundary value problem.

End effects are neglected at the beginning and end of tha part of the physics of the periodic dielectric medium can

1%

E PR
oz

Ine

: 8

tunnel. be seen immediately from this equation. If a fi@lgvarying
The dielectric and beam current density will be describedas e~ '("/")2 were substituted into E(8), fields varying as
by the equations e {WU=KZ gnd e {WUTKZ would appear. If these fields
) ) were substituted back into the equation, more fields would
e=&,+2e,009k2) = &+ 6.€%%+e 1072 (1) appear. Thus the periodic dielectric medium would produce

an infinite set of fields, in this case the TM mode fields. At
this point only three terms will be used in all the series to
limit the mathematical analysis required. This approach will
not mask the physics of the problem and any calculations
wherep is the charge density andis the beam velocity. will underestimate the TR that can be produced.

The working equation for the TR problem is obtained by ~ The periodic dielectric medium using a three-field model
separating the electric fiel in the classical Maxwell equa- Wil require two additional fields in region | of the form
tions[13],

Jz:PU:Jo+z Jneinw(t—z/u), 2

E,u=Bilo(ayr)e ' (@/u-hz 9
V)‘EZO, EZS,I:C1|o(als;r)eii(wlwk)Z (10
Y Em _inH», 3) having the separation constants
A ) 5 ® 2 ® 2
V-(¢E)=p, ag= U_k —c >0 (11

where a time variatioe ~'“! has been assumed for the fields, and

2 2
V2E+ 0lueE=iond+ V|2 —V[E.-VI 4 2 _ 2} >0 12
neE=iop . [ nel. (4 s c : (12)
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It is to be noted thatr7, and a3, will remain positive for all

ranges ofw, u, andk, but notai. For a specific example, let

w=2.2x10", u=0.1c, andk=2mx10%. Then the ranges
for which o4, is negative is seen to be

1.71x 10M1< 0w<2.09x 10,

6600< k<8066, (13
u
0'1045<E<0'1332'
For these ranges the solutions &y, become
E,u=B1Jo(ayr)e (v 7H7, (14
where
Y ) A 1
42| -z (15)
with the associate#fl 4, field given by
iwe )
Hou=——B1J;(ayr)e @z (16)
A1t

The threeE, fields of Egs.(9) and (10) will be associated

with threeH, andE, fields through Maxwell's equations to

PHYSICAL REVIEW E 66, 066502 (2002

Eon=[AsKo(azcr)+aB,HP (ayr)
+CCK ol azer) 161/ [BH cryr)
+bAK  (nel) +dCoK o apgr) e (e/u—hz
T[CoKo(ansl) +eAKo(asr)

+ 1B HP (ayr)lei(@uthz (23
where only theB,H{?(ar) field is above thresholf17].
The “constants”a, b, ¢, d, e, andf are the field coupling
constants, which of course will vary with the parameters of
the problem. For the solutions given for the fields to hold, the
separation constants must satisfy the conditi@:‘§§>0,
a3,>0, anda3.>0. These conditions will define pass and
stop bands for radiation, again a property of a periodic me-
dium [15]. K,(ar) is the modified Bessel function of the
second kind while H?(ar)=J,(ar)—iNy(ar) is the
Bessel function of the third kindHankel function of the
order zero. For radiation to occur a Hankel function must be
present. The expression far,, given by Eq.(23) is only the
first three terms in the infinite set of TM mode fields of the
TR problem. Nevertheless, it is a valid partial solution since
it will be seen to satisfy Maxwell’s equations and the bound-
ary conditions. The solution will yield a lower bound on the
power that can be generated.

The field varying ae™~'“/!% is termedc. It would be the

form a TM set of fields. No TE fields are excited by the Cerenkov field if the medium were not periodic. The fields
prebunched beam and there will be no coupling of the TMvarying ase™'(?/4~"KZ gnd g~ 1(«/u*MKZ gre the TR fields
and TE modes. This lack of coupling between TM and TEwhich have been labeledands, respectively. All are at the

modes is a property of the periodic dielectric medilt].

lweg,

HHCI:TAlIl(a'lcr)e_iw/uzi 17
C
iwe )
Hetl:KtoBl'l(altr)ef'(w/ufk)zy (18
iwe )
Hisi= - Cala(asgr)e 1k, (19
S
with
low —iwluz
ErcI:EAlll(alcr)e . (20
i (o )
Erﬂ:a—lt(a—k)Blll(altr)e'(“”“k)z, (22)
_ @ —i(lutk)z
Ersl_a_ U"’k Cili(agr)e , (22

wherel 1(ar) is the modified Bessel function of the first kind

same frequency.

It is of interest to observe how the bunched electron beam
excites the TR fields, only one of which is above threshold.
For the bunched beam to interact with a travelling wave elec-
tric field over an appreciable distance, the electron velocity
and field phase velocity must be nearly matched. This is true
only for the Cerenkov field. Hence, the beam excites the
Cerenkov field in region | which in turn excites the Cerenkov
field in region Il. In region Il the Cerenkov field couples to
thet ands TR fields, one of which is above threshold. The
coupling of all the fields will cause radiation from all the
three fields through terms likeB,H(?) and fB,H{ .

Next consider the termi/dz(In¢) in Eq. (8). It is a peri-
odic function ofkz, i.e.,

of order 1. The time factoe'®! has been deleted from the The first terms in the series are

expression$16].

Anticipating that the periodic dielectric medium will
couple the various TM fields together in region I, a coupled

field solution forE,,, will be taken in the form

d | ~loe ike€K?  ike_,e7? >
&Z(ns)_s 9z e (24)
that can be expanded in a Fourier series,
E&—8=c ek2—cie 24 ... (25
edz ! ! '
. —key
ici=g~ (26)

[Sg_(281)2]1/2'
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If an E, field varying ase™'(“/%Z were substituted into the ® 2] o 1
term on the right side of Eq#8), the following expression b~ w?péot U_k) —a wzl/«sl—(a—k)g =0,
would appear - - T (33
J —i(w/u)z ikz —ikz 2 & 2] w 1
_5[9 (C,e"=Cre™)] a5t Wiy — U-l—k +c wzusl—i—(a-i-k)g =0,
© ® (34
:g<a_k e—i(w/u—k)z_g U+k e—i(w/u-%—k)z. (27) ,
f agt—wz,u,fo-l— %-ﬁ-k —-a wz,u,sl—i—(g—l—k g}zo,
Thus, the—(d/9z)[ E,(d/ 9z) (In €)] term generates TM fields (35)
in the same manner as tleterm. For CR in a nonperiodic
medium a single field in both regions | and Il would exist w2
and the radiation problem can be solved conveniently with- al aj—w ,u§o+(a —f[wz,u,sl— Ug
out the need to consider an infinite series of fields or make
any approximations. ®
The separation constant§,, a3,, anda’ and the cou- —| wPpey+ 79/=0 (36)
pling constants are obtained by substitutig, into Eq.(8)
and equating terms i~ '(¢/W? g 1(«/u=kz gnde-i(e/utkz o2 ®
to zero. _ c a§s+ w’péy— (—) +d| w’ne + —g}
To illustrate the procedure, consider &€ (/Y7 field and u u
just the A,Ky(aycr) term to obtain w
+| w?ue;— Ug =0. (37

1d
F a[rAzKo( agl)]+ wzﬂfoAzKo( ayl)

+bw’ue 1 AKo(aph) +ew’ue AKo(ayr)
w\? g
“\u AZKo(aZCr)"'TbAZKo(aZcr)

g

- TCAzKO(CYQCr):O. (28)

Collecting terms and using the Bessel relationr Y{d/dr)
X[rK o(@zer) 1= a3K, the result is

2
+b

2, 2 @ 2 @
gt 0 péo— u w M81+Ug

w

+e| wlue;— Ug =0. (29

These nine equations are the dispersion equations for the
periodic medium problem.

TheHy, field can be determined from the Maxwell equa-
tion

19 H ikz —ikz
——(rHy)=iw[&,+ e, +e_1e7?]E,

ror %9
using the Bessel relations
1d
= grlrKa(an)]=—aKg(ar) (39
and
28 i@ )] = aHO ar), (40)

r dr

to be the following expression:

In a similar fashion, one can obtain the remaining eight equa-

tions
r 2
2 2 ot 2 ot _
b| a5.+ @ ,u,fo—(a—k> +w ,u,sl—(a—k)g—o,
) _ (30)
”
2 2 @ 2 w _
el as.tw uéo— U-l—k +w uet U+k g=0,
_ _ (3D

2

d +c

®
a)z/.wl—(a—k g|=0,
(32)

»
2
a5t wiuéo— (U -k

HHH §0+b81+681
To |\ T e AxKq(ayer)
at,te_q,+fe
| BZH(12)(a2tr)
aoT
cé,+deq+e )
- —fo A C2K1(6Y2s")]‘3'(wlu)Z
Qs
bé,+¢ +e
+H o 1)A2K1(a20r>+(§° 1)52"'(12)
Ao A2t

dé,+ce .
X(aZII’)— (%) CZKl(aZSr)]e_I(w/u_k)Z

2s
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f§0+81 q1g f§0+a81

e§ +81

+[ —( > )AzKl(azcr)-F( )BZH(lz) Dy,=— H(lz)(amro),

2¢ 2t Aot €o

§O+ CS]_ i b

_ —i(wlu+k)z ay [béoteg
Xzl ( 2s CaoKalaasr)ye ' D17:E (; Ki(aaero),  Dog=li(asslo),
C (o]
(41)
) . , . I1(ayo) a5 EtCeq
The final Maxwell chore is to satisfy the boundary conditions D= ' 264="— Ki(agslo).
Ji(ayfo) A2s €9

onE, andH, atr=r,, to determine the field amplitudds ,

Bll' Ci, A|.2'd82’ a.rllld Cﬁ' le‘e‘:;e six equations for the COM- thase expressions hold only when the all the squares of the
plex amplitudes will take the form separation constants are positive. When a squared separation
constant is negative, the Bessel function changes from a

—D;A;+ DA+ D3By+ D402:ii, (42) modified to a regular Bessel function and vice versa.
we0 Finally the average power radiated per meter is given by
the equation
DsA,—DgB;+D;B,+DgC,=0, (43
dPav 1 o %

DgA,+D1gB,—D1;C1+D45C,=0, (44) iz ERGL E,J; 27rdr. (48
D1oA1+D14A2 = D1eBo+D16C,=0, (45 Integration yields the compact result
D17A2+D1gB1—D1gB2+D2C2=0, (46) dP,, mrd;

o = e hilawro Re(Ay). (49)
D21A1— D 2By +D23Cy+D2Cr=0, (47) le

CR and TR are stated as a result of charges moving with

where the dimensionless quantitiBsare given by the ex- ) .
a g y constant velocity through a medium faster than the phase

pressions ; . . . :
velocity or through a medium having a spacial or time vary-
Dy=ly(aiclo), Ds=bKy(aslo), Do=eKy(aslo), ing property. Equatior48) indicates that if the field is out of
phase with the current, it will decelerate the charge changing
lo( @yl o) its velocity. A corner stone of Einstein-Maxwell theory is that
D,o=Ky(apl,), DG:( ] the accelerated charges radiate. Thus the assumption of con-
Jol@aio) stant velocity is not strictly valid. The physics of this appar-

ent dilemma is that for the CR and TR small decelerations

Dio= fHP (anro), occur. The deceleration radiation is negligible compared to
the CR or TR. The assumption of constant velocity is a valid
Ds=aHP(ayr,), D7=HP(axr,), Di=lo(aid,), approximation and the power calculated is “pure” TR.
Dy=cKo(azslo), Dg=CKg(aaslo), Di1p=Ko(azslo), IIl. NUMERICAL EXAMPLE OF EXPECTED RADIATION
ay(éotaer| In this section a specific numerical example will be pre-
Dis=ly(aiclry), Dig=— H® (apt,), sented with two objectives(1) a tentative design of a 35
@t ®o GHz experiment and2) extract the physics of the problem
a1 | £o+bey+es from the lengthy eqqations anq formulas. Also the energy of
Dy=—s| 222 LK (el o), the electron beam will be restricted to the 3—10 keV range to
Ao €o demonstrate that readily detectable TR power can be
achieved in a “table top” experiment.
_ag[tcey K There are six parameters/C, k, w, &,, 24, andry) in
P P 1 @24 o), the problem to be chosen. Values &f=12¢, ande,=2¢,
were chosen with a periodic dielectric of layered semicon-
arc(abotertier) ductors in mindy, is taken as 10° m. Larger values of
15=a—2t 8—0 Hi (azrfo), would appreciably increase the power output since more
charges would be moving over an increased surface area.
are[€fote The beam velocities chosen are well below the Cerenkov
= —2 | 222 K (el o), threshold.
@2c\  ®o Figures 2, 3, and 4 display (1/J3)(dP,,/dZ) versus
u/c, k, andw over the pass band range Wh@{% is positive.
16:& m Ki(aadl o), The (—) sign is associated with power being produced. This
Qs €o differs from the case of a charge passing from a vacuum into
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— k=7.0x10" A 1 u/c=0.14
- k=2 oxwg ' . r 1 we=0.16
el /' T 'R uwc=0.18
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FIG. 2. Power term—(1/J%)(dP,,/d2) versus velocity ratio

u/c for a range ofk values withw=2.2x 10'* constant.

a dielectric where TR is produced for all charge velocities.
While there are peaks in the power in all the three curves
this does not imply that resonances exist. Power either i

FIG. 4. Power term—(l/Jf)(dPav/dz) versusw=2xf for a
range ofu/c values withk=27x 10° constant.

where FO is the average dc current at 11.23 keV. Assuming a

creases or decreases monotonically from the bottom or to ncg_jfc beam current 0f=0.020 A with the tunnel radius,

. Y P10 m and w/2m=35.01 GHz, the calculated coherent
the bands falling to zero at the band edges. The quantit .

. . . power is
wl/ku appears in most of the calculations. Power output in-

creases as/ku decreases.

The coupling constants shown in Figs. 5, 6, 7, and 8 also dPa

change monotonically across the bands with no resonances.
Similarly the values ofA,|?, |B,|2, and|C,|? change mono-

e =1.46 mW/cm. (51

tonically with |A,|? and|C,|?, being larger at the top of the In these calculations the dielectric has been assumed to have

band while|B,|? is larger at the bottom of the band.
Peak values of —(1/J§)(d P, /dz) vary from 4.3

no attenuation. Obviously, a lossy dielectric will attenuate
the TR radiation. However, for example, Gaj&§] will have

%1071 to 9.0x10° 1, the larger value being associated @n attenuation of less than 0.5 cat 300 K up to a THz,

with u/c=0.214 anck=5.0x 10° with w=2.2x 10",
Assuming the beam is well bunchdg=2J,, the power
generated per meter is given by the equation

dP I
— 2 _36x10° -2 |wW/m, (50)
2
dz ar
o
6 : : ; .
------- We=0.10
o — u/c=0.14 s
3 f - we=0.16 fo
= ||--- we=0.18 S
g 11 LM
z [@=22x10 KA
S 3 !
=) r =10 \
‘T F O
(=] [}
— |
| 1
1
I
|
L]
)
1
"
J—" ! 1
0 1000

11000

FIG. 3. Power term—(llJf)(d P., /d2) versusk for a range of
u/c values witho=2.2x 10' constant.

hence attenuation in the periodic medium should not pose a
major problem.

Phase and group velocities, Bragg reflection
Consider theg,, field given by Eq(23) for larger where

the K,(ar) terms can be neglected and

HP (apr)—

e*iﬂ'/4e7ia2tr. (52)
7TC¥2tr

Then the far field value oE,; becomes

iml4
E ”e W“Ztr:aei[wt—aZtr—(w/u)z]
z

B, V 2

+ ei[wt—ale’—(wlu—k)Z]

_’_fei[wtfaZtr*(wIUJrk)Z]. (53)
Each of the three waves has a phase of the form
=owt—pB-r=wt—B,r— B,z (54)

Constant phase with time t requires a phase velocity,
= w/ B with components
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FIG. 7. Absolute squared val-
ues of|A,|?, |B,|?, and|C,|? ver-
sus beam velocity ratio u/c for a
range of values ok with w=2.2
X 10" constant.

FIG. 8. Absolute squared val-
ues of|A,|?, |B,|?, and|C,|? ver-
sus angular frequencyw=27f
for a range of beam velocity ratios
u/c with k=2wx 10° constant.
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wBr 0Bz
(up)rZFa (up)2271 (55)
WAy w?
(Uphr=——7 72, (Upde=——7 2. (56
2 - 2 _
ast a2t+(

Hence the phase-velocity components for the three waves are

seen to be
w
) ——k)
wa’2t u
(upt)r_ o 2 (upt)z:Ty
a%t-i- ——k) a%t-i- U_k)
(57
w
w —+k)
wa’2t u
(Ups)r:—wia (Ups)z: o 2
“§t+(ﬁ+k as+ U+k)
(58

All velocity components are positivién the z direction ex-

cept Upy), whenk> w/u.

The angles between the phase-velocity components are

wlu wl/u—k
C0SO.=r———F—5713, COSH;= o 27172
24| = 24+ ——k
Aot Aot u
wl/u+k
costs= 27 (59
agt-i- U+k }

Given the dataw=2.2x10", u/c=0.18, k=27x10% &,

PHYSICAL REVIEW E 66, 066502 (2002

/

A A

Periodic Dielectric Medium

FIG. 9. Angles#; and 0z associated with the Bragg reflec-
tion.

(ugt)r=2—w=&=(ugc)r=(ugs)r, (64)
Bt oué,
<ugc>z=2—2= w[; = (65
<ugt>z=f§c = wﬁ;go' (66)
<ugs>z=2—‘z"s = afj;o. (67)

The angles between the group-velocity components are the
same as between the phase-velocity components as in Eq.
(60).

Since the Poynting vector and group velocity are in the
same direction, the angle between the Poynting vector com-
ponents are the same as given by Ef).

As seen from Eq(53), the coupling of fields will result in

=12¢y ande; =€ _1=2¢, as an example, the various anglesradiation being produced by three fields with three different

are computed to bé,=17.1°, 6,=150.4°, ;=6.92°.
The group velocityﬁg is given by the equation

R Jw. Jdw-

ug=a—,8rr + (wzz. (60)

To a good approximation, Eq30), (33), and(36) yield

2
A=

® 2
U) - wzﬂfozﬁgc_ wzﬂgo ) (61)

2
+w’uéy= o= wuéo— By, (62

w
2 -
azt=(—g—k

2

5 — 0 péo= o~ 0’ué,. (63

aos=

w
Z 4k
u

phase constants even though only the “transition field”
exd —i(w/u—K)z] is above threshold. Two of the fields propa-
gate in the positive direction with the transition field propa-
gating in the negative direction fork> w/u. Each field will
have its own cone of radiation as given by Eg9).

Consider Fig. 9 and the cosines of the two andglgsand
6+ . Using the values

:27Tvp _ 2

b and k=2/l, (68)
@ w Mgo

Eq. (59) can be rearranged into the following Bragg form for
a layered medium:

1_

w
KU = Neff- (69)

2d cosf, =1 cosf,= A\,

Using these dispersion relationships, one can calculate th€ote that for the Bragg reflection to occur, thatku<1 and
various components of the group velocity for each of the\¢+<I, i.e., the transition field must propagate in the nega-

three waves to be

tive z direction.
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T— 3 Field Model : ' : erated in the millimeter region with a prebunched ac beam in
0.7H - - 2 Eield Model the 3—-10 keV range using a layered periodic dielectric me-
\ dium. Both CR an TR can be generated simultaneously with
i \ relativistic beams . Since the CR will be emitted in the for-
= |r=107 \ | ward direction while the TR can be emitted in the backward
B | g=22x10" | direction when both effects are above threshold, the radiation
& | k=2mxi0® I', 1 can be conveniently separated experimentally.
% | 'l Some insight on the power output as a function of the
“"b e : II number of coupled TM fields included in the calculations can
- I f_,_;;f’” "y | 1 be gained from Fig. 10 for a two- and three-field model.
e _ . . _ ] These data are encouraging as they show that a three-field
Da_ug w'c 0.2 model yields a power increase of over two times that of a
(A)

two-field model. All the data presented are lower bounds on
the total power that can be produced.

i The vacuum beam tunnel is of major importance in the

= 3.Field Model : TR problem. Without a beam tunnel, efficient excitation of
__ | - - 2Field Model the system coherently with a keV beam would be difficult.
<! The interaction length would be negligible if a KeV beam
= were to pass through the material. Smith-Purf#8], Cer-
.ﬁ rﬂ=1t}‘:a \ enkov[19], and Transition Radiation can all be produced by
E F o=2.2 % 10" \ {1 an electron beam moving near a periodic metallic surface, a
2| ke2mei0® \ uniform or periodic dielectric surface. Pato and Oliner
II:I:
N

\ view the problem as “leaky” space charge waves. A cylin-
| drical electron beam tunnel effectively couples the beam to
- SERNE | the media and simplifies the Maxwell boundary analysis of

L/ ) . | the problem.
Uc.’DEI u/e 0.2 The TR problem of this paper can be viewed as a fre-
(B) quency multiplier. Radiation at frequenayis used to bunch

an electron beam to obtain beam harmonicaat The pe-
FIG. 10. Power germ—(llJi)(d Pa, /d2) versus velocity ratio  riodic dielectric structure is then used to couple to the beam
ufc for ﬁ:2.2>< 10", and k=2mx10° for r,=10"°m andr,  parmonics to yield coherent radiationrab. The coherence
=3x10"" m and for the three- and two-field model. of the system should be comparable to that of any harmonic
The effect of changing the tunnel radiug and deleting multiplication system.
the field varying as exXp-i(w+k/u)z] for a two-field model is
displayesd in Figs. 1@ and 1@b). The pealf1 power term for
ro=210° mis 20 times that for,=3X10 * m. Increasing
r, leads to more charges passing over a larger surface area. ACKNOWLEDGMENTS
Including only two fields(Cerenkov and Transitionde- )
creases the peak power term by a factor of 3 from the three- 1h€ experience used to address the TR problem by P.D.C.
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should further increase the power term making a TR source @uring 1959-1963 with Captain J. D. Busch and K. Hutch-
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