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PHOTONIC CRYSTAL RIBBON-BEAM TRAVELING WAVE AMPLIFIER

PRIORITY INFORMATION

This application claims priority from provisional application Ser. No.
60/483,852 filed June 30, 2003, which is incorporated herein by reference in its

entirety.

BACKGROUND OF THE INVENTION

The invention relates to the field of optical communication, and in particular
to a photonic crystal ribbon-beam traveling wave amplifier.

The third-generation (3G) wireless communication standards call for
hardware-based upgrade to the second-generation (2G) Global Systems for Mobile
Communications using Wideband Code Division Multiple Access (W-CDMA) and
Universal Mobile Telephone System (UMTS) as well as software-based upgrade to
2G Code Division Multiple Access (CDMA). The 3G wireless communications
require amplifiers operating frequencies that are 1.12 to 3 times that of present
frequencies, which are in the range from 900 MHz to 1700 MHz.

In general, the bandwidth of a transmitter, which is the most important figure
of merit, increases with the central frequency of the amplifier. However, the number
of transmitting towers must increase as the square of the central frequency, while
keeping the power of the transmitting tower at a constant. This is because the
distance between two adjacent transmitting towers is inversely proportional to the
frequency. For example, if 1-GHz transmitting towers have a spacing of 10 miles,
then 2-GHz transmitting towers must have a spacing of 5 miles. In other words, four
2-GHz transmitting towers are required to cover 100 square miles, whereas only one
1-GHz transmitting tower is needed for the same area.

Moreover, the total RF power per unit area increases with increasing data rate.
For example, 3G wireless networks are expected to have considerably higher data rate
than 2G wireless networks. As a result, the number of bower amplifiers increases
more dramatically than the square of the carrier frequency.

In order for the third-generation (3G) and future wireless communications to
be a viable business, it is essential for the telecommunication equipment industry to
provide ultra-low-cost amplifiers.

At present, most wireless base stations are powered by solid-state power
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amplifiers, which operate with efficiencies in the 8-12% range. The cost of solid-state
amplifier is about $100/Watt. The cost of power amplifiers per base station at 1.5 kW
is $150,000. For the RF power part of a wireless base station, the operating cost is
comparable to the capital cost, because of the low operating efficiencies and heat
removal.

Conventional helix traveling wave tubes (TWTs), which are not employed in
any existing wireless base stations, cannot meet the ultra-low-cost requirement set by
any potential third-generation wireless infrastructure provider. For example, a 100 W,
2 GHz conventional helix TWT costs $20K a piece or more.

There is a need to develop high efficiency, low-cost microwave amplifiers for

3G and future wireless base stations.

SUMMARY OF THE INVENTION

According to one aspect of the invention, there is provided a RF amplifier.

The RF amplifier includes a RF input section for receiving a RF input signal. At least
one slow-wave structure associated with the RF interaction section. An electron
ribbon beam interacts with the RF input supported by the at least one slow-wave
structure so that the kinetic energy of the electron beam is transferred to the RF fields
of the RF input signal, thus amplifying the RF input signal. A RF output section
outputs the amplified RF input signal.

According to another aspect of the invention, there is; provided a method of
forming a RF amplifier. The method includes forming RF input section for receiving
a RF input signal. Also, the method includes forming al least one photonic crystal for
operational control if necessary. An electron ribbon beam is formed that interacts with
the RF input supported by the at least one slow-wave structure so that the kinetic
energy of the electron beam is transferred to the RF fields of the RF input signal, thus
amplifying the RF input signal. Furthermore, the method includes forming a RF
output section that outputs the amplified RF input signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1A-1B are schematic diagrams of a photonic crystal ribbon-beam

traveling wave amplifier (PCRB TWA) in accordance withthe invention;
FIG. 2 is a schematic diagram illustrating a detailed depiction of a single-sided

slow-wave structure;
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3
FIG. 3 is a schematic diagram illustrating a detailed depiction of a double-
sided slow-wave structure; ‘

FIGs. 4A-4B show plots of the dispersion functions D, (co, k) for the anti-

symmetric modes as they vary with frequency at several values of phase shifts;

FIGs. 5A-5B show plots of the dispersion functions D, (a), k) for the

symmetric modes as they vary with frequency at several values of phase shifts;

FIG. 6 is a graph illustrating eigenfrequencies for the two lowest bands of anti-
symmetric modes and the two lowest bands of symmetric modes;

FIG. 7 is a graph illustrating the comparison between the eigenfrequencies for
the two lowest anti-symmetric modes with the same system parameters as in FIG. 6;

FIG. 8 is a schematic diagram illustrating a ribbon electron beam interacting
with a single-sided PC slow-wave structure;

FIGs. 9A-9B are graphs illustrating the temporal linear growth rate of the
lowest anti-symmetric mode as a function of the wavenumber;

FIGs. 10A-10B are graphs illustrating the spatial linear growth rate of the
lowest anti-symmetric mode as a function of angular frequency;

FIG. 11 is a graph demonstrating the maximum temporal growth of the lowest
anti-symmetric mode as a function of normalized beam current,

FIG. 12 is a graph demonstrating the maximum spatial growth of the lowest
anti-symmetric mode as a function of normalized beam current;

FIGs. 13A-13B is a graph demonstrating the dispersion characteristics in a
two-dimensional dielectric photonic crystal;

FIG. 14 is a schematic diagram of the design of the PCRB TWA for 3G
wireless base stations;

FIG. 15 is a graph of the eigenfrequency versus the phase shift for the two
lowest bands in the 200 W, 1950 MHz, 3% bandwidth PCRB 'I"WA structure;

FIG. 16isa graph of the normalized real wavenumbers Rek_L versus the

normalized frequency for the operating mode in the 200 W, 1950 MHz, 3%
bandwidth PCRB TWA structure;

FIG. 17 is a graph of the normalized imaginary wavenumbers |ImkzL Versus

the normalized frequency for the operating mode in the 200 W, 1950 MHz, 3%
bandwidth PCRB TWA structure;
FIG. 18 is a graph of the real phase shift Rek,L versus the frequency f for
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FIG. 19 is a graph of the gain G versus the frequency f for the operating
mode; and

FIG. 20 is a graph demonstration the dispersion characteristics for 4 lowest-

order TM modes in a photonic crystal.

DETAILED DESCRIPTION OF THE INVENTION

The invention is a novel amplifier that employs two emerging technologies,
namely, photonic crystals and low-density ribbon electron beams, in otherwise a
conventional vacuum tube millimeter wave amplifier.

FIGs. 1A-1B shows a schematic diagram of a photonic crystal ribbon-beam
traveling wave amplifier (PCRB TWA) 2 in accordance with the invention. FIG. 1A
shows a double sided PCRB TWA 2 that includes a ribbon electron beam 10
propagating in the z-direction from the emitter 14 and extending out, wiggler
magnets 8 for beam focusing, a photonic crystal (PC) slow-wave structure 12 with
metallic or dielectric rods and plates, and RF input 4 and output 6 sections. As the
electron beam 10 interacts with the RF input 4 supported by slow-wave structure 12,
the kinetic energy of the electron beam is transferred to the RF fields, amplifying the
RF signal 16. The amplified RF signal 18 exits the amplifier at the RF output 6, and
the spent electron beam is collected down stream.

FIG. 1B shows a single sided PCRB TWA 20 that includes a ribbon electron
beam 28 propagating in the z-direction from the emitter 32 and extending out,
wiggler magnets 26 for beam focusing, a photonic crystal (PC) slow-wave structure
30 with metallic or dielectric rods and plates, and RF input 22 and output 24 sections.
As the electron beam 28 interacts with the RF input signal 34 supported by slow-wave
structure 30, the kinetic energy of the electron beam 28 is transferred to the RF fields,
amplifying the RF signal 34 to produce the amplified signal 36.

Unlike the round beams in conventional helix or .coupled-cavity TWTs, the
ribbon electron beam in the PCRB TWA will reduce the magnetic field required for
beam focusing, reduce the loading in the amplifier, increase the amplifier efficiency,
and improve the amplifier linearity and bandwidth.

The ribbon beam will have an aspect ratio of 1 to 10, which effectively lowers
the beam perveance (or space-charge) by a factor of 10 ip cdmparison with a round

beam. Based on the well-known empirical scaling law, tﬁe'efﬁciency of the PCRB
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TWA is expected to be as high as 80%. Furthermore, because the effective beam
perveance is small, the interaction between the electrons and. slow-wave structure is
expected to be high. Consequently, a high degree of linearity of the amplifier is
expected in the high-efficiency operation.

Consider a monochromatic electromagnetic wave propagating in the two-
dimensional single-sided slow-wave structure 38 as shown in FIG. 2. The slow-wave
structure 38 consists of a metal plate at x=0 and corrugated vanes 40 located
between x =b and d . The period of corrugation is L, and the width of each vane is
a . For simplicity, either the periodic metal or dielectric rods that are placed at x > d
in the PCRB TWA or the variations in the y -direction is considered. Moreover, the
transverse magnetic (TM) modes are of importance with the field distributions

E(x,z,0)=¢"[E,(x,2)¢, + E,(x,2)8,], Eq. 1
B(x,z,t)=e"B (x,2)8 ) A Eq.2
where E(x,z,7) is the electric field, Ex(x,z) is the electric in the x-direction, EAx,z) is
the electric field in the y-direction, B(x,z,?) is the magnetic field, and treat B, (x, z) as
the generating function. The wave equation can be expresséd as
2 2 2 A .
(;c_ﬁa%f)]gy (x,z)+%By(x,z)=0. | Eq. 3

where o is the frequency of the wave and c is the speed of the light. In cgs units, the

electric field can be expressed as

c 0 '
E”(x’z>—?a_)__6—z—By(x’z)’ | Eq. 4
c 0
Ez(x,z)—— ;—C‘O—'a—x'By(x,Z). Eq 5

Expressing the generating function as a Bloch-wave function of the form

B, (x,2,6)= ¢!k:z-a1) iun (x)et2m=rt | ' Eq. 6

R==—00

one can rewrite the wave equation as

® 2 2 2 o
2 {aau; +{9;—[kz+3i”1’—j ]u,,}f“’"’z“ =0, Eq.7
n=—o | OX c

or
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© 2
Z (6 Z{" +p3un}i27mz/1, =0, Fq. 8
axA .

n=-w

where u,, is the Floquet amplitude, and p, is an effective wavenumber.

? 2
pi= pn(wk)————(k +T7m) Eq. 9
Note that for
2 2
5 %—(kz+g—ﬂﬁj <0, Eq. 10
c L

p, is imaginary.

In the corrugated-vane region, the usual approximation is adopted

B,(x,z,t)=iE, g!lter) cos[ (x- )] Eq. 11

E (x,2,t)=0, , Eq. 12

10 E,(x,z,t) = Eye/tt) sin[ﬂ (x - d)] Eq. 13
C

for ‘z—sLl<a/2 and b<x<d.Here, s=0,+1,+2,-- Note that Eq. 13 assures

E =0.

Zlx=d
In the drift region with 0 <x <b,Eq. 8 implies
d2

+pnu =0, Eq. 14

15 which has a general solution of the form

u,(x)= 4, sin(p,x)+B, cos(p,x), Eq. 15

where 4, and B, ar

2| ,o = 0, one must have
4,=0, Eq. 16
or
20 u, (x) =B, cos(p,,x) . _ Eq. 17

Therefore, the RF fields in the drift region can be expressed as

B, (x,2,1)= g/lbsa) iBn cos(p,x)e*™ ", Eq. 18

n=—k

E,(x,z,t)= &) z (k +———)B cos(p,x)e™™'*, Eq.19

Il_—°°
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Ez (x,z,t) 1(k z-wt) Z _Epan Sln( : ) i2mz/ L Eq 20

for 0 <x <b. The amplitudes B, in the drift region are related to the amplitude E, in

the corrugated-vane region by the continuity of the electric field at x = 2, i.e.,

. ) . i(ksL) 1 _a_). —_ 1 -
e Z }_ B, sin(pn b)ezz,mzu _ Ee sm[ ; (b d)}, if |z sLl <al2,
= 1D 0, otherwise,
5 Eq. 21
where s =0, 1, £2,--- Solving Eq. (3.1.21) for B, yields

s 2] 2]

B =
" ic L p,bsin(p,b) (k +._2ﬂ]a

Eq. 22
L)2
The vacuum dispersion relation can be derived with matching the Poynting
flux at x = b. For present purposes, it is useful to introduce the admittance defined by
12 .
f E,B dz
10 A (w,k,) = o Eq. 23
E e gy

L2

x=b+0

Substituting Egs. 11 and 13 to Eq. 22, one obtains

k.a
A (w,k,)= Tl—cot{ff’- (d- b)}Lz_)_
e ¢ sin’ (Z%‘i)

Similarly, substituting Eqs. 18, 20 and 22 into Eq. 23, one obtains

£ ok)= 312 22 cot(p,) (k_;) Sin{(kz%@jg]. Bq. 25

. 2
n==0 € sz(kza) (k +_2ﬁ"_)§_
2 T L.)2

A (o,k,)= 4 (0,k,), Eq. 26

Eq. 24

15 By setting

one arrives at the vacuum dispersion relation
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D, (,k,)= 22 ZCOt(p”b) i Kk +2_7m) 5] [ (d- b)] 0 Eq.27

cL n==w pnb ': 27n
k,+—|—
()]

for the electromagnetic wave in the single-side slow-wave structure. As pointed out
earlier, when inequality of Eq. 10 holds, p, is imaginary and

cot(p,b) _ _coth(p,Jp)
p,b oo

Eq. 28

In general, Eq. 27 must be solved numerically.

As an alternative to the single-side slow-wave structure, a monochromatic
wave propagation in a double-side slow-wave structure 42 is considered, as shown in
FIG. 3. The bottom of the double-side symmetric slow-wave structure is a mirror
image of the top of the single-side slow-wave structure shown in FIG. 2. In the
double-side slow-wave structure, however, there is no metal at x =0.

In the double-side slow-wave structure, the vacuum dispersion relation for the
anti-symmetric wave propagation with E(- x, z7,t)= ~E(x,z,t) is the same as the one
given in Eq. 27.

However, the vacuum dispersion relation for the symmetric wave propagation

with E(— X,z, t)= E(x, z, t) has a difference expression. Paralleling the analysis in

Section 3.1, and taking 4, #0 and B, =0 in Eq. 15, one can show that it is given by

D, (w,k,)=~2%2 ztan(p ) K E@J 5] N co{[ (@- b)]

cL =, p,b ?
i (kz +_2_@j_‘i
L )2

where p, can be imaginary in which case,

tan(p,b) _ tanh(p, |5)
p,b lpjp

Eq. 29

Eq. 30

The mode structures in the double-sided slow-wave structures are qualitatively
different from those in the single-sided slow-wave structures, which makes the single-
side slow-wave structure suitable for use in a PCRB TWA.

To gain some quantitative understanding of the vacuum dispersion

characteristics of electromagnetic wave propagation in the double-side slow-wave
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structure shown in FIG. 3, consider the first example with the choice of system
parameters corresponding to:
L=0.24 cm,
a/L =08,
b/L=1.0,
d/L=6.0.

Eq. 31

This choice of system parameters can also represent a single-side slow-wave structure
that supports only the anti-symmetric modes.
FIGs. 4A-4B show plots of the dispersion functions D, (w,%) for the anti-

symmetric modes as they vary with frequency at several values of phase shifts (or
wave numbers). The phase shift is equal to 360" x (k,L/ 27). For a given phase shift,

the zeros of the dispersion function correspond to the eigenfrequencies of the system.
In this example, there is one zero below 20 GHz at least, as shown in FIG. 4A.
FIGs. 5A-5B show plots of the dispersion functions D, (e, k) for the

symmetric modes as they vary with frequency at several values of phase shifts (or
wave numbers). The phase shift is equal to 360° x (kzL/Zﬂ‘). For a given phase shift,

the zeros of the dispersion function correspond to the eigenfrequencies of the system.
In this example, there is one zero below 20 GHz at least, as shown in FIG. 5A.

The eigenfrequencies for the two lowest bands of anti-symmetric modes and
the two lowest bands of symmetric modes are plotted as a function of phase shift in
FIG. 6. |

In the double-sided slow-wave structure, both anti-symmetric and symmetric

modes exist. In the phase shift range from 90° to 270°, the anti-symmetric and
symmetric modes are nearly degenerate in the first band as well as in the second band,
as shown in FIG. 6. In the single-side slow-wave structure, however, only the anti-
symmetric modes shown in FIG. 6 exist, and they are well separated in frequency.
This sharp contrast in the mode properties makes the single-sided slow-wave structure
a better choice for use in the PCRB TWA, because there are no symmetric modes.

The eigenfrequencies of the TWA can also be determined using SUPERFISH
code. FIG. 7 shows the comparison between the eigenfrequencies calculated with
SUPERFISH and Eq. 27 for the two lowest anti-symmetric modes with the same
system parameters as in FIG. 6 or in Eq. 31. Only two lowest modes are plotted in
FIG. 7. As can be seen from FIG. 7, the theoretical results qnd SUPERFISH
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simulations are in excellent agreement. Therefore, the theory derived for PCRB TWA
is applicable for designing an actual device.

The ribbon beam, as shown in FIGs. 1A, is an importan"c component for the
efficient operation of the invention. Note the ribbon beam uses a planar wiggler
magnetic field.

Let us first consider a ribbon beam in the planar wiggler field

B, (x)=-B, [¢, cosh(k,x)cos(k,z) &, sinh(k,x)sin(k,z)], Eq. 32

where B, =constant, k, =27/2,, and 1, is the wiggler period. Introducing the

vector potential
2
A, (x)= Mw—cosh(kwx)sin(sz)é y Eq. 33
e
with the gauge condition
Bw(x)=V><AW(x), Eq. 34

the Hamiltonian for the single-particle motion in cgs units,

2
H(x,z,a,Py,R)=—2—l—{Pﬁ+(Py+3ij +Pﬁ}, Bq. 35
m c '

can be expanded for P, =mv, —(e/c)4,(x,z)=0 and Ikwx| <1 as
H(x,z,P,P,,P,)= Hy(P.)+ H,(x,P,). Eq. 36

In Eq. 36, the Hamiltonians

P

2m

e

H,(P.)= +%aimec2 Eq. 37

and

1
—(P* +miaix® Eq. 38
"m (x e ) q

e

Hp(x,Px)-—-

describe the axial motion and the (transverse) betatron oscillations, respectively, and

1 1 ({eB '
w, =—=ck a, =—=| 22 Eq. 39
B ﬁ why \/E(meC) q

is the betatron oscillation frequency.

For P, =0 and |k,x| <1, the equations of motion are

“_F Bq. 40
d m '

e
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dx P

— =, Eq. 41
dt m,

a, 0, Eq. 42
dt

dP, 2

—L = —m,w,x . Eq. 43
dt <r d

Since
5 v, = f§,c = constant, Eq. 44

the equation of motion for the betatron oscillations can be expressed alternatively as

2
%+k§x=0, Eq. 45
y4
where
a
ky=—L Eq. 46

By
10 is the betatron wavenumber.

For simplicity, the coupling between the beam envelopes in the x- and y-

directions is ignored, and express the beam envelope equation in the x -direction as

2 2 :
d_’§b+k;x,,~_K—_8_;=o, Eq. 47
dz 2(x,,+yb) X;

15 where
X2 = <x2> , Eq. 48
vi=(y"), Eq. 49
21 |
K="t Eq. 50
IA b
3
Lo ML 174, Eq. 51

2 2 2
20 &2 =(x") EVV () o & (KT Eq. 52
dz dz ,Co\ m,

Here, k, is the Boltzmann constant, T is the Kelvin temperature, and < ;5) denotes

Ixfdxdydx’dy'

=2 Eq. 53
[ redyax'ay :

X
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with x' =dx/dz, y' =dy/dz,and f(x,y,x',y") is the electron distribution function.

In the zero-current limit, K =0 and it follows from Eq. 47 that the equilibrium

rms beam envelope is given by

172
k,T 1
X, =( £ ) ) Eq. 54
m, k 5 B,c
or the wiggler field required for the beam equilibrium amplitude to occur is given by
B, (2k,7)" 1
P [ B ) —, Eq. 55
m,c m, X,

which allows us to calculate B, . Note that the wiggler period A, does not appear in
Eq. 55. However, one must demand
2k, x, <1, Eq. 56
or
A, =4, Eq. 57
for the approximations in Eq. 51 to be valid.
For example, taking
x, =0.06 cm,
B, =0.08,
—;—meﬂbzc2 =1700 €V, Eq. 58

—1—kBT=—1—>< 1200 _
2 40 300

one can obtain from Eq. 55,

0.1eV,

B,=247G, Eq. 59
which is easily achievable.

For a finite beam current, K # 0 and it follows from Eq. 47 that the rms beam

envelope is given by

1/2
xb=—1—[ K, sz;z} : Eq. 60
ky| 2+1) mBe
or
eB, _fe[ K 2T v Bq. 61
me x, |(E+1) mpBic*|

where
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4 =2 Eq. 62

Xp

is the aspect ratio of the ribbon beam. In this discussion, the value of & is fixed.

For example, taking

x, =0.06 cm,
B, =0.08,

%me 2¢” =1700 eV,

Eq. 63
1 1200 1

1
278 =307 300
Ib 0.076 A,

&=
5 one obtains from Eq. 63,

1eV,

B,=939G, Eq. 64
which is still easily achievable.
Now, a ribbon electron beam 46 interacts with a single-sided PC slow-wave
structure 48, similar to structure 38 of FIG. 2, shown in FIG. 8: The equilibrium of the
10 beam 46 is described by

V=V,e, = p,ce,, Eq. 65
. dl, .
J=—eo,V,0(x-h)§, = —-d—6(x—h)e2, Eq. 66
y

where ¥V, = constant is the equilibrium beam velocity, o, -is the surface number

density of the electrons in the ribbon beam, the sheet x =/ specifies the transverse

15 displacement of the beam, and
2y
j J (x h)dxdy Eq. 67
y==2y; x=0 y
is the beam current, and y, is the rms width of the ribbon beam.
In this analysis, the variations are ignored in the y -direction, and treat the

stability of the ribbon beam 46 as, a two-dimensional problem. The linearized cold-

20 fluid equations are

(—6—+V,, —a—j&/ =268 ., Eq. 68

?-+V,,-a—)5a+a,,iav, -0, Bq. 69
oz oz
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9 o 18 4 08T dSp
b= —— = |6E, = ———F+d4r——
(6x2 ozt 6t2j g > ot " 0z Eq

Il

10 0
- 4ﬂe{c—25; (V,60 +0,67, )+§50'}5(x ~h),

70
where the charge and current density perturbations 5p(x,z, t) and d&J, (x, Z,t) are
defined as
5 p(x,z,t)=—edo(z,0)5(x~ 1), Eq. 71
&7, (x,2,t) = —eb0(z,1)5(x~h)V, —ec,8(x—h)oV, (z,t). Eq.72

Expressing all perturbations as |

Sy (x,z,t) = &) i&yn (x)e>™x, Eq. 73

or
10 5V, (z,1) = =) i&rfm e Eq. 74
50(z,1) = =) ié'an e?mit Eq.75

S, (x,z,t) = ') i 6E, (x)e*™'*,  Eq.76

n=—0

one can rewrite the linearized cold-fluid equations 69-70 as
i@~k V)0V, =—&E,, (1), Eq. 77
m

15 (0-k,V, )00, ~k,0,0V,, =0, Eq. 78

2
(%2- +p? j&Em (x)= 4m'e( “Zb 60, + 326V, ~k, 00, )5(x ~h),

Eq. 79
where k, and p? are defined as
=k, L Eq. 80
L
a)Z
20 pl=——k.. Eq. 81
c

Solving for 67,, and 8, from Egs. 67 and 68 in terms of OE,, (#) yields
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ie OE,,(h)
OV, =—— B .
o) o
50-’1 = _EM . Eq' 83
m (a)——anb)
Substituting Eqgs. 82 and 83 into Eq. 79, one obtains

a 4me’c, ploE,(h)
— oE = ot L 5x—h). .
(dxz +pnj zn(x) m (w_anb)Z (‘x ) Eq 84

5 The solutions to Eq. 84 are

SE, (x)= A Sin(an)+B,f COS(p,,x), O<x<h,
e 4 Sin(an)+B§ COS(P,,X), h<x<b,

Eq. 85
where 45, B, A, and B are constants to be determined by the boundary
conditions at x=0, x=h,and x=b.

The coefficients 4°, B, A and B, are determined in the following three

10 steps. First, note the electric field oF, (x,z,t) vanishes at x = 0. This requires

SE., (0)=0. Eq. 86
Therefore, one must have
B; =0. Eq. 87
Second, the coefficients 47 and B are expressed in terms of A, using both

15 the continuity of the axial electric field at x = &, for example,

A sin(p, h)+ B: cos(p,h)- 4 sin(p,h)=0 , Eq. 88
and the relation
h+0 2 2 .
dob,l A0 P 4<sin(ph)  Eq.89
dx x=h-0 m (C() - kn Vb )
or
) .
20 4 cos(p,h)- B sin(p,h)- A; cos(p,h)= e oy __ Py - Ay sin(p, ).
m (0) - kn Vb )

Eg. 90
Solving Egs. 88 and 90 for 4, and B, gives

—;1':—=1+an (a),k)cos(p,,h), Eq. 91

n
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i’l =—a, (w,k)sin(p, %), Eq. 92

n

where the function e, (@, %) is defined by

o (@)= 4me’c, p, sin(p,h) Ea. 93
e m, (w-kV,} &

Furthermore, the electric and magnetic fields are expressed in the region A <x <b as

OF,(x,2,t)= i[A: sin(p,x)+ B> cos(pnx)]ei(k"z"“”), Eq. 94

n=-w

wh

8E,(x, 2, t)=-z%)~-§;53y(x,z,t), Eq. 95

0B, (x,2,t)= L i[A; cos(p,x)— B cos(p, x)]ei("""“”). Eq. 96
c

Third, a relationship is derived between the coefficient 4, and the electric

field amplitude E, in the corrugated-vane region, using the approximations in Egs.

10 11-13,
B, (x,2,t) 2 iEe ) cos[ (v~ d)] Eq. 97
E (x,z,t)=0, Eq. 98
E (x,z,1) = E, et sinE’-(x ~d)} Eq. 99

for [z—-sL|<a/2 and b<x<d. Here, s =0, £1, £2,---. This gives

Is [ - sin(p, )+ cos(p b)}f:___ m{ (b~ d)finuéz +-g?)%], Eq. 100

(kz_;_g.ﬂ_n_.)ﬁ.
L )2

Using the expressions for the electric and magnetic fields in Eqs. 94-99, the

which relates 4; and E,.

continuity of the axial electric field at x = b, and Eq. 100, it is readily shown that the

loaded admittances Af(w,k,), defined in the same manner as the unloaded

20  admittances 4*(w,k, ) in Eq. 23, are given by
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A (,k)= A+(wk)___co{ (- b)} (kza)

2
sz(kzaj
2

and

2

b)

n

o

kz+2_7mz
L 2

Eq. 102
5 Setting
4 (w,k,)= 4; (w,k,), Eq. 103
one obtains the loaded dispersion

relation

DH k)= cot[g ‘- b)} , @ab 5 [plbj cos(p,b)+a, cos[p, (b~ 1)|sin(k,a/2) _

oL & sin(p,b)+a, sinlp,(b-h)]| ka/2 |

10 Eq.104
where use has been made of Eqs. 91-93, and the functions
k, =k (k,),p, =p,(@k,) and a, =, (0,k,) are deﬁneci in Eqgs. 80, 81 and 93,
respectively.
When I, =0 (or ¢, =0), the dispersion relation (Eq. 104) reduces to the
15 vacuum dispersion relation (Eq. 91) as expected.

an| <<1 and one may make the approximation

cos(p,b)+a, cos[p,(b-h))

sin(p,,b)+an sin[pn (b - h)]

sinp,h
cot( nb) sz((p b)) :
dre’o, p, . sin*(p,h)
m, (a’"anb)2 sinz(pnb)

n

cot(p,,b)

Il

and express the loaded dispersion relation approximately as

D,(ok,)=22( 40|51 S%nz(p;’h)hin(k"“/ ) g 106
L\ m, )Z (o-kV,) sin’*(p,b)| kal2

e
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where D, (o, k,) is the vacuum dispersion function defined in Eq. (3.1.27).

Furthermore, if only one term on the right-hand side of Eq. (S .2.2) dominates, say

n =m, then one can further approximate the loaded dispersion relation as
D, (0. Yo-k,V,) =5, (0,k,), Eq. 107

where the coupling parameter £, (a,k, ) is defined by

5 ( k):f)-a- 4rne’c, sinz(pmh)[sin(kma/2)[2 Eq. 108
meE m, )sin’(p,b)| k,a/2 | 4

cL .
To estimate the linear gain and bandwidth in the Compton regime, let (w,,%, )
denote an intersection point of
D (@,k,)=0 Eq. 109
and '
o—(k,+22m/LV, =0  Eq.110
in the @ versus %, diagram. Expanding D, (w,k, ) about the point (@,%, )= (@,,k,),

ie.,

Da(w’kz)

It}

(%), @-00e{2]  -n)
(@t O Jiwr)

ow .

b Eq. 111
( “) [co—a)c—ug(kz—kc)]
(00sk.)

0w

with v, being the group velocity, and introducing the rescaled coupling parameter

-1
g =(5DaJ Z (w,,k.), Eq. 112
00 J(a,,)

one can express the loaded dispersion relation in the following simplified form
[o-a, —v,(k, —k, M-, ~@mm/LWV, [ =¢, . Eq. 113
Because Eq. 113 is cubic in either @ or £,, it can be solved analytically.
The frequency shift dw and the detuning parameter AQ, is defined as
6w =w-kV,~Q2rm/L),, Eq. 114
AQ, =a,+v,(k, ~k,)-kV, -Qum/L)V,. Eq. 115
The loaded dispersion relation becomes '
(o) (o-2Q,)=¢,. Eq. 116
Since £, >0 and (8D, /6w)<0 (see FIG. 3), where & {O. Consequently, Eq. 116
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yields the maximum temporal growth rate

V3

imaal,, ==~ W Eq. 117
at AQ, =0. Since ¢, o« I, the scaling relation
\méw| oI, Eq. 118

holds in the Compton regime.
In the Raman regime, one must treat the space-charge term in Eq. 104
carefully. In this case, the Eq. 104 is expressed as

D.(wk.)= wab i( 1 \]{cos(pnb)+an cos|p, (b—h)]_cot(p” b)}

cL 2\ p,b)| sin(p,b)+a, sin|p, (6—h)]

sin(k,,a/Z) i
k,a/2

Eq.119
where D, (co,kz) is the vacuum dispersion function defined in Eq. 27. Substituting Eq.

93 into Eq. 119, and assuming that only one term on the right-hand side of Eq. 106

dominates, say n=m,

D,k @-k7,F —(C) (0.k,)|= 2, (@.k.), Bq. 120

where the coupling parameter £, (@,k,) is defined in Eq. 108, and the space-charge

parameter (QC),Zn is defined by

2 . . _
(Qc)fn (w,kz)= [ 4me’oy | Py sm(p,,fhz)sm[pm ®-h ] Eq. 121
m sin*(p,,b)

Typically, the space-charge parameter (QC),Zn (o, k,) is positive in the regime of
interest. ’

To estimate the linear gain and bandwidth in the Raman regime, let (o,,k,)
denote an intersection point of

D, (w,k,)=0 Eq. 122
and
w—(k, +2zm/ L)V, -(QC),(@.k,)=0  Eq.123

inthe w versus k, diagram. Making use of the expansion in Eq. 111, one can express

the loaded dispersion relation in the following simplified form

fo-0,b,t, -k o7, ~ @/ Vs ~(Q0) 0, )< s,

Eq. 124
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where ¢,, is defined in Eq. 112.
Following an earlier analysis , the frequency shift 6w and the detuning
parameter AQ is defined as
Sw =w~k,V, —2mam/ L)V, -(QC), (@,.k.), Eq. 125
AQ, =, +v,(k, —k,)-k.V, - (2m /L), -(0C), (@, .k,). Eq. 126
The loaded dispersion relation becomes

2(QC),,,'2a>c,kc) '

If ¢, /(QC), (w,,k,)<0, the system is unstable, and the maximum temporal growth

sw(6w—AQ,)=

Eq. 127

rate is given by
‘ 1/2

'" Eq. 128

c?

IIm 5a)}m

at AQ_=0. Since &, /(QC), (a)c,kc)oc I}'?, the scaling relation
\méw| oI, Eq. 129

holds in the Raman regime.
The dispersion relation in Eq. 104 can be solved numerically using Newton’s

method to obtain the linear gain. For a real value of the wavenumber £, the temporal
linear growth rate @, = Im(a)) >0 can be obtained from the complex @ that solves

Eq. 104. On the other hand, for a real value of the angular frequency @, the spatial

linear growth rate k, =—Im(k,)>0 can be obtained from the complex wavenumber
k_ that solves Eq. 104.

FIGs. 9A-9B show plots of the temporal linear growth rate @, = Im(w) of the
lowest anti-symmetric mode as a function of the wavenumber k, for a/L =038,
b/L=10, d/L=60, h/L=08, pB,=008 and two cases (a)
w3, I /c2 =7.0x107° and ®) oL /cz =7.0x107, where
ok L’ [c* = dne’c,L/c’m, ==l L] B,1,y, with I, =17 kA. The parameters for the
RF circuit in FIGs. 9A-9B are identical to those used in FIGs. 6 and 7. As seen from
FIGs. 9A and 9B, each curve has a peak near @ ~ k,V,, which represents a stronger

beam-wave interaction. For the purpose of illustration, the beam parameters in these
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examples correspond to backward-wave oscillators not traveling-wave amplifiers. For
this RF circuit, a more energetic electron beam is required in order to make an
amplifier. The high-current case shown in FIG. 9A indicates a temporal growth rate in
the Raman regime (i.e., with an upright bell-shaped curve), whereas the low-current
case shown in FIG. 9B implies a temporal growth rate in the Compton regime (i.e.,
with a tilted bell-shaped curve).

FIGs. 10A-10B show plots of the spatial linear growth rate k, =—Im(k,) of

the lowest anti-symmetric mode as a function of angular frequency @ for a/L =0.8,

b/L=10, d/L=60, h/L=08, p,=008. FIG. 9A shows the case
ok [¢* =7.0x107 and FIG. 9B shows the case oI [¢* =7.0x107. These

parameters are identical to those in FIGs. 8A-8B.

FIG. 11 shows the maximum temporal growth @, .., = [Im(a))]max of the lowest
anti-symmetric mode as a function of noﬁnalized beam current
o’ I* [c* = dme’o Ll c’m, =, L] B,I,y, for a/L=08, b/L=10, d/L=60,
h/L=08,and §, =0.08. |

FIG. 12 shows the maximum spatial growth ki pax = —[Im(%, )], of the lowest

anti-symmetric mode as a function of normalized beam current
0% L*[c* =4ne’c,L/c’m, = al,L| B,1,y, for the same parameters as in FIGs. 10A-

10B. FIGs. 10A-10B and 11 show that both peak temporals and spatial growth rates
increase with the beam current.

It is important to suppress any potential unwanted modes in a microwave
amplifier. This is true for the PCRB TWA. In the PCRB'TWA, two techniques are
used to suppress unwanted modes.

One technique is use of a single-sided slow-wave structure instead of a
double-sided slow-wave structure, which eliminates the symmetric modes in the
operating band and higher frequency bands.

The other technique is use of photonic crystals. Typically, photonic crystals
include periodic metallic structures (e.g., periodic metal rods) or periodic dielectric
(e.g., periodic dielectric layers, rods or spheres) or a combination of periodic metallic
and dielectric structures. They can be one-, two-, or three-diniensional.

When designed properly, a photonic crystal acts as a frequency-selective

and/or mode-selective filter, which keeps the desired operating mode in the amplifier,
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and at same time, allows other modes, especially unwanted. modes, to escape from the
amplifier. In other words, the photonic crystal effectively darﬁps the unwanted modes.
The effectiveness of photonic crystals in both frequency selection and mode selection
were demonstrated in an oscillator operating at high-frequencies and using an
oversized cavity with its characteristic size greater than the wavelength, but it remains
to be seen in amplifier configurations, especially for transverse size less than the
wavelength.

As an example, the dispersion characteristics of wave propagation in photonic
crystals can be calculated using the latest Photonic Band Gap Structure Simulator
(PBGSS) code developed at MIT. Shown in FIGs. 13A-13B is an example of the
dispersion characteristics in a two-dimensional dielectric photonic crystal, where FIG.

13A shows the TM modes and FIG. 13B shows the TE modes, with the rod radius 7
and the lattice period p, as calculated using the real-space finite-difference (RSFD)

and Fourier transform (FT) methods. In this example, there is only a partial band gap
at the X point. Here,7,/p=02, & =3.0 for the rods, &, =8.9 for the background,

and a mesh of 21x21 cells and 13x13 plane waves are used iﬁ the PBGSS RSFD and
FT calculations, respectively.

The detailed concept design of the PCRB TWA for 3G wireless base stations.
will focus on the frequency range from 1920 to 1980 MHz, which is used the initial
rollout of 3G wireless network. The PCRB TWA is a 200W, 1950 MHz, 3%
bandwidth structure. The parameters and design results are summarized in Table land

a cross-sectional view of the amplifier beam tunnel is shown in FIG. 14.

Table1
Circuit Parameters: Structure Single-sided slow-wave structure
Axial Period L=0.478cm
Slot Width 2=0.382cm
Slot Depth d =4.20cm
Tunnel Height b = 0.478 cm
Tunnel Width w=1.6cm

Beam Parameters: Current I, =011 A

Energy %me 202 222906V (3, =0.0946)
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Displacement 4 =0.378 cm

2x,
d-h

Full Height 4x, =0.12 cm ( =63%)

Full Width 4y, =12cm

Beam Temperature —;—kBT =0.1 eV

[Calculated Coupling Constant

gL’ _ 4’y L _ al,L

2

. =3.4x10™* with
¢ mec IAyb

3
Ly M€ 17 1A and I, =4eo,y, B ]

By €
Wiggler Field Parameters: B, =207 G

A, =2L=0.956 cm
Results of Gain Calculation: Center Frequency f=1950 MHz

Full Bandwidth Af1f=3.1%
Gain G =1.6-3.1dB/period(3.4-
6.6dB/cm)
Efficiency n =80%
Photonic Crystal: Structure Dielectric square lattice

Band Gap Width 100 MHz

Shown in FIG. 15 is a plot of the eigenfrequency versus the phase shift for the
two lowest bands in the 200 W, 1950 MHz, 3% bandwidth PCRB TWA, as calculated
analytically using Eq. 27 with the RF circuit parameters listed in Table 1.

The ribbon electron beam is designed to interact with the lowest band at about
120° phase shift to achieve RF signal amplification. Using the loaded dispersion
relation in Eq. 104 and the parameters listed in Table 1, the complex wavenumber £,

is calculated using the GAIN code. The results are summarized in FIGs. 16-19.

Shown in FIGs. 16 and 17 are plots of the normalized real and imaginary
wavenumbers Rek, L and |ImkzL\ versus the normalized frequency wL/c for the
operating mode in the 200 W, 1950 MHz, 3% bandwidth PCRB TWA, respectively.

In terms of the normalized imaginary wavenumber |ImkzL| , the small-signal intensity
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gain per axial period is expressed as

dB
Period

G =101log,, e™"" =8.69|mk,L

Eq. 130

Shown in FIGs. 18 and 19 are plots of the real phase shift Rek,L and the gain
G versus the frequency f for the operating mode. In the 3% bandwidth from 1920

MHz to 1980 MHz, the gain is between 3.4 dB/cm and 6.6dB/cm, which is adequate.
It should be point out that the gain curve can be made flat by optimizing the RF
circuit, so that the beam interacts it at a smaller value of the phase shift. This has been
demonstrated in parametric design studies but will not be further discussed in this
report.

As the ribbon electron beam interacts with the RF circuit, unwanted modes
may be excited. Such unwanted modes could arise from thé second or higher bands in
the RF circuit. If not suppressed, they could cause the amplifier to self-oscillate. One
promising technique to suppress unwanted modes is use of frequency-selective and
mode-selective photonic crystals as described herein. There are various photonic
crystals, ranging from one- to three-dimensional. For the purpose of illustration, two-
dimensional dielectric square lattices are discussed.

FIG. 20 show the dispersion characteristics for 4 lowest-order TM modes in a

photonic crystal consisting of a dielectric square lattice with rod radius r, =0.9 cm,
lattice constant a = 4.9 cm, rod dielectric constante, = 2.3, and background dielectric

constante, =8.9. Labels I', X, and M on the horizontal axis follows the conversion

in solid state physics. In this design, there is a narrow band‘ gap of 100 MHz at 2 GHz,
but no band gaps at lower or higher frequencies. This 100 MHz band gap will confine
the operating mode and simultaneously allow all unwanted modes to transmit through,
achieving the single-mode operation of the 200 W, 1950 MHz, 3% bandwidth PCRB
TWA.

The photonic crystal design can still be optimized with larger values of
dielectric constants and smaller lattice constants.

Because the PCRPB TWA is scalable to higher frequencies, wider bandwidth,
and higher power output, the 1950 MHz PCRB TWA can be redesigned as a power
amplifier for high-frequency (3-6 GHz) 3G wireless base stations as well as for future
wireless base stations.

Although the present invention has been shown and described with respect to
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several preferred embodiments thereof, various changes, omissions and additions to
the form and detail thereof, may be made therein, without departing from the spirit

and scope of the invention.

What is claimed is:
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CLAIMS

1. A RF amplifier comprising:

a RF input section for receiving a RF input signal;

at least one single-sided slow-wave structure associated with said RF
interaction section;

an electron ribbon beam that interacts with the RF input supported by said at
least one single-sided slow-wave structure so that the kinetic energy of said electron
beam is transferred to the RF fields of said RF input signal, thus amplifying the RF
input signal; and

a RF output section that outputs said amplified RF input signal.

2. The RF amplifier of claim 1, wherein said at least one single-sided slow-wave

structure comprises metallic or dielectric rods, dots and plates.

3. The RF amplifier of claim 1 further comprises wiggler magnets that focus said

ribbon electron beam.

4. The RF amplifier of claim 1, wherein said at least one single-sided slow-wave

structure is associated with said RF interaction section.

5. The RF amplifier of claim 1, wherein at least one single-sided slow-wave

comprises at least one photonic crystal for operational control if necessary.

6. The RF amplifier of claim 1, wherein said ribbon electron beam comprises an

aspect ratio greater than unity.

7. The RF amplifier of claim 5, wherein said at least one photonic crystal comprises

one photonic crystal.

8. The RF amplifier of claim 5, wherein said at least one photonic crystal comprises

two photonic crystals.

9. The RF amplifier of claim 2, wherein said dielectric rods comprise a two-

dimensional and/or three-dimensional dielectric lattice.

10. A method of forming a RF amplifier comprising:

forming a RF input section for receiving a RF input signal;
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forming at least one single-sided slow-wave structure; and
forming an electron ribbon beam that interacts with the RF input supported by
said at least one single-sided slow-wave structure so that the kinetic energy of said
electron beam is transferred to the RF fields of said RF input signal, thus amplifying
the RF input signal; and
forming a RF output section that outputs said amplified RF input signal.

11. The method of claim 10, wherein said at least one single-sided slow-wave

structure comprises metallic or dielectric rods, dots and plates.

12. The method of claim 10 further comprises providing wiggler magnets that focus

said ribbon electron beam.

13. The method of claim 10, wherein said at least one single-sided slow-wave

structure is associated with said RF interaction section.

14. The method of claim 10, wherein at least one single-sided slow-wave comprises

at least one photonic crystal for operational control if necessary.

15. The method of claim 10, wherein said ribbon-electron beam comprises an aspect

ratio greater than unity.

16. The method of claim 14, wherein said at least one photonic crystal comprises one

photonic crystal.

17. The method of claim 14, wherein said at least one phofonic crystal comprises two

photonic crystals.

18. The method of claim 11, wherein said dielectric rods comprise a two-dimensional

and/or three-dimensional dielectric lattice.
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