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A periodic, rectangular grating slow-wave-structure is considered for forward and backward wave
low-voltage (<10 kV! Ku-band traveling wave tube~TWT! amplifiers. For forward wave
operation, it is required that the ratio of groove depth,d, to grating period,p, be large~i.e.
d/p>5) while small values ofd/p allow backward wave operation. For larged/p, skin effect losses
in the grating slots are large and can substantially reduce the growth rate produced by the beam-slow
wave interaction. Phase and amplitude measurements of the grating structures utilizing a slotted line
and a fast Fourier transform~FFT! analysis have been carried out. The results show that the
measured dispersion relations for both shallow (d/p5 0.446) and deep groove gratings
(d/p5 7.43) agree very well with the theoretical dispersion relations. For amplifier experiments, a
round ‘‘probe’’ beam~10 kV, 0.25 A, 1 mm radius! from a Litton Pierce electron gun~model M707!
is utilized. The beam is confined by means of a 1 kG focusing solenoidal magnetic field. Tuning
curve and single particle backward wave gain measurements are presented and discussed. ©1997
American Institute of Physics.@S1070-664X~97!04507-2#
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I. INTRODUCTION

A rectangular grating slow-wave structure has been
lized in several previous microwave oscillator expe
iments.1–3 These experiments employed electron beam e
gies .100 kV. The configurations used were either op
grating structures with a top mirror aligned parallel to t
metal grating without sidewalls or an axial cavity reflecto
In these configurations, the grating modes can be expan
in terms of pure transverse electric~TE! and transverse mag
netic ~TM! modes.

This paper presents an experimental investigation o
closed rectangular waveguide with grating structure at
lower boundary~Fig. 1! for low energy beam amplifier ap
plications. We have previously published4 a theoretical
analysis of the hybrid mode dispersion relation and the
solute and convective regions of wave growth for this co
figuration. This structure is sheet beam compatible. A sh
beam configuration5–7 is capable of carrying more beam cu
rent compared to that of a conventional round beam with
space charge because of its larger beam cross sectional
Therefore, higher efficiency and higher power in a comp
device can be obtained.

The normal modes for slow-wave-beam interaction in
grating-lined rectangular waveguide are expanded in te
of hybrid modes transverse electric tox (TExmn),

8 wherex
refers to the transverse dimension of the guide~the other set
of hybrid modes,TMx , operate at much higher frequencie!.
To understand the physics of low energy~V<10 kV! beam-
amplifier interaction in a grating-lined rectangular wav
guide, we have utilized two different configurations, a de
groove grating, and a shallow groove grating with a lo
energy ‘‘probe’’ round electron beam. Phase measurem
for these two types of gratings are carried out to verify
theoretically predicted grating dispersion relations. This p
cedure is crucial to ensure the presence of the slow w
with wavenumbers which satisfy the beam resonance co
Phys. Plasmas 4 (7), July 1997 1070-664X/97/4(7)/2707/9
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tion (v5kzv0), that will interact with the beam at a particu
lar frequency.

In Section II the theoretical dispersion relation for th
grating structures is developed. In Section III, the phase m
surement technique is described. The deep groove and
low groove phase measurement results are discussed.
experimental configuration and gain measurement results
presented in Section IV. Skin effect loss calculations are a
presented in this section. A summary section completes
paper.

II. DISPERSION RELATION

Consider a rectangular grating waveguide configurat
shown in Fig. 1. The rectangular grating waveguide ha
period p, groove widths, groove depthd, guide widthw,
and guide heightb from the grating surface to the top con
ductor. This configuration supports a set of hybrid mod
called TEx .

9 This set of modes has all components of elect
and magnetic fields except anEx component. The TEx10
mode is the fundamental mode for this set of hybrid mod

We have previously derived the dispersion relation
theTEx mode

4 which is given by

D~v,kz!512nxp tan~nxd!
s

p (
n52`

`
sinc2~kzns/2!

nnp tanh~nnb!
~1!

where nx
25k0

22kx
2 , nn

25kzn
2 2nx

2 , sinc(kzns/2)5 (@sin(kzns/
2)#/@kzns/2#, andkzn is the Floquet spatial harmonic whic
satisfies the relationkzn5kz1 (2pn/p).

To operate in the forward wave regime with a low vo
age electron beam~i.e. <10 kV!, it is necessary to utilize a
grating with a large groove-depth-to-period ratio d/p.4 A
shallow groove grating~small d/p) is utilized for backward
wave regime operation with the same low voltage beam. T
geometrical parameters for both types of these gratings
lected for the purpose of our experimental investigations
2707/$10.00 © 1997 American Institute of Physics
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listed in Table I. These parameters will be utilized throug
out the paper to refer to shallow and deep groove gratin

Utilizing the parameters in Table I and applying Eq.~1!,
one obtains the dispersion relations shown in Fig. 2. With
same 10 kV beam, the resonance interaction point occur
different regimes for the two gratings. For a deep groo
grating, the resonance point occurs in the regime where
phase and group velocities of the slow wave propagate in
same direction. Conversely, for the shallow groove grat
case, the resonance point occurs in the region where
phase and group velocities propagate in opposite directi

III. PHASE MEASUREMENTS

A. Experimental configuration

Phase measurements for deep and shallow groove
ings were carried out to verify the theoretical grating disp
sion relation. This procedure is crucial to verify the predict
mode and wavenumber that will interact with the beam at
resonance frequency. The scheme for the phase measure
experiment is shown in Fig. 3.

A slot was cut along an OFHC~oxygen-free-high-
conductivity! copper channel block. Four 8.89 cm segme
combinations of smooth surface and grating pieces were
serted from below into the channel to form a smooth w
waveguide and a rectangular waveguide grating slow w
structure, respectively. A microwave signal from a synth
sizer was connected to an SMA-to-Ku-band-waveguide c
pler through a210 dB directional coupler. The signal from
the output port of the directional coupler was launched i
one end of the rectangular grating through a Ku-band wa
guide. The signal from the210 dB directional coupler por

FIG. 1. Rectangular waveguide grating geometry.

FIG. 2. TEx10 dispersion curves for deep groove and shallow groove g
ings.
2708 Phys. Plasmas, Vol. 4, No. 7, July 1997
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was connected to the local oscillator~LO! port of a mixer
and was used as the reference signal. The other end o
rectangular grating waveguide was terminated with
matched load. A dipole probe made out of microcoax w
inserted into the slot of the channel block to probe the m
crowave signal which propagates in the rectangular gra
waveguide. The probe signal was connected to the rf por
the mixer and mixed with the reference signal. A motor w
utilized to drive the probe in linear motion over the slots
obtain the signal phase variation as a function of axial po
tion in the waveguide. The dc output trace from the mixe
intermediate frequency~IF! port which contains the rectan
gular grating waveguide phase information was recorded
observed using a digitizing oscilloscope. A fast Four
transform~FFT! of this trace was performed to obtain th
kz-spectrum of the wave propagating in the rectangu
grating-waveguide.

B. Analysis

Mathematically, the dc output trace from the mixer c
be described as follows. Let the reference signal fed into
mixer’s LO port beVLO cos(vt1fLO). fLO is the phase shift
from the directional coupler’s210 dB port via a coaxial line
to the mixer’s LO port. The reflection coefficients due to t
discontinuity at the Ku-band waveguide-grating interface
the input and output ends can be represented byG1/u1 and
G2/u2, respectively. The reflection of the incident wave d
to the probe can be written asGp/up whereG1, G2, and
Gp are real numbers.

The fields inside the rectangular grating can be written
terms of forward wave and backward wave fields. The vo
age representing these fields reads as

VFW5 (
n52`

`

Vn
1 cos~vt1kznz1fn

1!, ~2!

VBW5 (
n52`

`

Vn
2 cos~vt1kzn~ l2z!1fn

2!. ~3!

TABLE I. Grating parameters for deep and shallow groove gratings.

Grating type p~mm! d~mm! s~mm! a~mm! b~mm!

Shallow groove 3.556 1.588 1.778 15.799 5.08
Deep groove 0.889 6.604 0.445 15.799 5.08t-

FIG. 3. Experimental set up for phase measurements.
Joe et al.
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VFW andVBW are forward wave and backward wave voltages,fn
1 andfn

2 are phase shifts due to propagation path a
intermediate components that the signal passes through from the synthesizer to the rectangular grating waveguide.

The total voltage detected by the dipole probe is given by

Vp5k (
n52`

`

$Vn
1 cos~vt1kznz1fn

1!1Vn
2 cos~vt1kzn~ l2z!1fn

2!1G2Vn
1 cos~vt1kzn~ l2z!1fn

11u2!

1G1Vn
2 cos~vt1kznz1fn

21u1!1G1GpVn
1 cos~vt1kzn3z1fn

11u11up!1G2GpVn
2 cos~vt1kzn3~ l2z!1fn

2

1u21up!1H.O.T.% ~4!

k is the dipole probe coupling parameter,G2Vn
1 is the forward wave reflected by output end discontinuity,G1Vn

2 is the
backward wave reflected by the input end discontinuity.GpG1Vn

1 is the forward wave which is reflected back and forth by t
probe and input end discontinuity, andGpG2Vn

2 is the backward wave which is reflected back and forth by the probe
output end discontinuity. H.O.T. represents higher-order-terms which make a small contribution to Eq.~4!.

The output from the mixer IF port is obtained by multiplying the mixer LO port signal to the mixer rf port signal w
is equal toVp . To first-order, the terms are given byVIF5VIF

dc1VIF
ac where,

VIF
dc5

kVLO

2 (
n52`

`

$Vn
1 cos~kznz1fn

12fLO!1Vn
2 cos~kzn~ l2z!1fn

22fLO!

1G2Vn
1 cos~kzn~ l2z!1fn

11u22fLO!1G1Vn
2 cos~kznz1fn

21u12fLO!

1G1GpVn
1 cos~kzn3z1fn

11u11up2fLO!1G2GpVn
2 cos~kzn3~ l2z!1fn

21u21up2fLO!1H.O.Tdc.%, ~5!

VIF
ac5

kVLO

2 (
n52`

`

$Vn
1 cos~2vt1kznz1fn

11fLO!1Vn
2 cos~2vt1kzn~ l2z!1fn

21fLO!

1G2Vn
1 cos~2vt1kzn~ l2z!1fn

11u21fLO!1G1Vn
2 cos~2vt1kznz1fn

21u11fLO!

1G1GpVn
1 cos~2vt1kzn3z1fn

11u11up1fLO!1G2GpVn
2 cos~2vt1kzn3~ l2z!1fn

21u21up

1fLO!1H.O.Tac.%. ~6!
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VIF
dc is the dc component of IF port output andVIF

ac is the IF
port output signal at a frequency twice that of the input m
crowave signal. The dc part is easily detected by osci
scope.

By performing a Fourier transform with respect toz on
the dc component of the IF port output, the spectra of wa
numberskz inside the rectangular grating waveguide can
obtained.

V IF
dc~kz!5F $VIF

dc~z!%. ~7!

The results, if H.O.Tdc. are neglected, can be written as,

V IF
dc~kz!5

kVLOp

2 (
n52`

`

$@Vn
11Vn

21G2Vn
11G1Vn

2#

3d~kz6kzn!1@G1GpVn
11G2GpVn

2#

3d~kz63kzn!%. ~8!

The spectrum ofV IF
dc(kz) consists of6kzn , n50,1,2 . . . ,

and63kzn . If H.O.T
dc. are included,6(2m11)kzn will be

part of the solution to Eq.~8!, wherem52,3, . . . ,.Note that
the wavenumber spectra, during the Fourier transform ca
lations, are independent of all constant phase shifts com
nents in Eq.~5! such asu1, fn

1 . Reflections due to input an
output end discontinuities add odd multiple wavenum
harmonics to the measurements.
Phys. Plasmas, Vol. 4, No. 7, July 1997
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C. Results

The dc output traces from the IF port on a long-tim
scale oscilloscope ('2 min! were acquired utilizing a Lab
View data acquisition software package. These data are
post-processed by utilizing the Matlab FFT package to
tain the wavenumber spectra information.

An illustrative example of a dc output trace and its FF
is shown in Figs. 4~a! and 4~b!, respectively. This is a shal
low groove case operating at 12.2 GHz. The primary sig
is the fundamental spatial harmonic and the groove struc
modulating the primary signal shown in Fig. 4~a! consists of
high-order spatial harmonics. The third harmonic of the fu
damental forward wave space harmonic is due to the sm
reflection of the signal by the probe which also modula
the primary signal such that the signal shape is no lon
purely sinusoidal. The wavenumber spectrum of the long
dinal spatial trace is shown in Fig. 4~b! where it is easy to
recognize the spectra of the fundamental spatial harmo
third harmonic of the fundamental spatial harmonic, and
first-order spatial harmonic.

1. Shallow groove configuration

The shallow groove dispersion relation measurem
agrees very well with the theoretical one. This is illustrat
in Fig. 5. With the phase measurement technique, we
able to capture both the fundamental spatial harmonic
2709Joe et al.
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the first-order spatial harmonic for the fundamental hybr
mode TEx10. Note that along with the spatial harmonics, th
third harmonic of the fundamental spatial harmonic is al
present due to the probe’s reflection. This is an artifact of t
phase measurement system and would not be present in
absence of the probe.

Since the microwave system used for the phase meas
ments is calibrated up to 18 GHz~limited primarily by the

FIG. 4. Phase measurement illustrative example.~a! Spatial variation.~b!
FFT of spatial variation.

FIG. 5. Experimental results of shallow groove dispersion relation.
2710 Phys. Plasmas, Vol. 4, No. 7, July 1997
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mixer and the directional coupler!, the phase measuremen
are discontinued at this frequency.

2. Deep groove configuration

The theoretical dispersion relation for a deep groo
grating utilizing Eq.~1! and the measured dispersion relati
using the phase measurement method described previo
are compared in Fig. 6. Note that the third harmonic of
fundamental spatial harmonic due to probe reflections is
longer present. This is due to the large skin effect losses
the TEx10mode in a deep groove grating. The reflected sig
from the probe becomes very weak after traveling th
times the path length from the beginning of the grating to
probe. The third harmonic of the high order TEx11 mode is
still detectable~not shown in the figure! since the skin loss
for this mode is small for the 15.5 to 17 GHz frequen
range.

The deep groove grating measured dispersion rela
agrees very well with the calculated ones both for t
TEx10 and the TEx11 modes. It is very difficult, however, to
access the flat part of the TEx10 dispersion curve~14.0 GHz
,frequency<14.5 GHz! because the loss due to skin effe
absorption is large. The higher-order-spatial-harmonic po
level is much smaller compared to the primary signal so t
the FFT ofVIF

dc no longer resolves the higher-order-spati
harmonic content.

IV. GAIN MEASUREMENTS

A. Experimental setup

Figure 7 illustrates the schematic of the grating amplifi
experiment. The electron beam is generated by an M707
ton thermionic Pierce electron gun. The beam cross sec
is round and has a 1 mmradius. The perveance of the ele
tron gun is 0.26mpervs. The beam is focused and transpor
by a 1 kGsolenoidal dc magnetic field. The grating is plac
inside the vacuum chamber. A pressure of 1028 Torr inside
the vacuum chamber is achieved during the experiment.
position of the grating with respect to electron beam can
mechanically adjusted from outside of vacuum chamber
lizing linear motion feedthrus. The pulse width of the bea
is 30 ms. The beam is diverted at the downstream end t
OFHC copper beam dump.

FIG. 6. Experimental results of deep groove dispersion relation.
Joe et al.
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The microwave coupling and detection systems are ill
trated in Fig. 8. Small loop antennas are transversely inse
at each end of the smooth wall rectangular waveguide
input and output TEz10 mode coupling. The diameter of eac
loop is 2 mm. Broadband, high vacuum compatible, silic
carbide attenuator fins are placed at both ends of rectang
waveguides. They provide excellent suppression~220 dB!
of unwanted end reflections and prevent the system f
self-oscillation. For forward-wave-mode operation, the inp
signal is coupled into the grating through the upstream lo
and detected by the downstream loop and vice versa
backward-wave-mode operation. The detected signal is
into a narrowband tuned filter and amplified before being
to a broadband crystal diode detector. The tuned filter
Gaussian filter with a 20 MHz bandwidth.

Both rectangular waveguides are electrically isola
from the grating structure utilizing high-vacuum-compatib
thin mica insulators. This isolation allows the measurem
of beam currents which intercept each section of the st
ture.

B. Deep groove configuration for forward-wave-mode
regime

From the previous theoretical considerations, forwa
wave-mode operation with a 10 kV beam voltage is feas
for the deep groove configuration. The beam-slow wa
resonance condition should occur at a frequency close

FIG. 8. Diagram for rectangular waveguide grating coupler and detec
system.
Phys. Plasmas, Vol. 4, No. 7, July 1997
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.2 GHz. However, the expected small signal gain was
served experimentally. This was determined to be du
ge skin effect losses in the deep groove grating struct
Generally, the small skin loss for a rectangular wav

ide grating can be obtained from the relation10

a5

r
l
H̄t•H̄t* dl

2sd*
s
Re~ Ēt3H̄t* !ds

, ~9!

ere H̄t is magnetic field component tangential to th
veguide walls,s is the material conductivity,d is the skin
pth, andĒt and H̄t are the transverse components of t

electromagnetic field. For a rectangular waveguide grat
the skin loss calculation is simplified if it is carried out ov
one grating periodp. The unit fora becomes Neper/period
instead of Neper/meter. The skin effect loss for one per
@Eq. ~9!# becomes

ap5

*
0

pr
l
H̄t•H̄t* dl dz

2sd
1

p
*
0

p
*
s
Re~ Ēt3H̄t* !dsdz

. ~10!

The expression for skin loss in Eqs.~9! and ~10! only holds
for weak damping, that is, whena/kz0!1.11

The rectangular waveguide grating can be divided i
two regions~see Fig. 1!. 0<y<d,0<z<s is region I and
d<y<b is region II. The magnetic field components in r
gion I are

Hx
I 5

H0

jvm0
nx
2 sin~kxx!cos~nxy!,

~11!

Hy
I 52

H0

jvm0
kxnx cos~kxx!sin~nxy!,

and a partial set of the electromagnetic field component
region II are

Hx
II5

nx
2

jvm0
sin~kxx! (

n52`

`

An cosh~nn~b2y!!e2 jkznz,

Hy
II52

kx
jvm0

cos~kxx! (
n52`

`

Annn

3sinh~nn~b2y!!e2 jkznz,
~12!

Hz
II52

kx
jvm0

cos~kxx! (
n52`

`

jkznAn

3cosh~nn~b2y!!e2 jkznz,

Ey
II5sin~kxx! (

n52`

`

jkznAn cosh~nn~b2y!!e2 jkznz.

An andH0 are field coefficients. By matchingHx
I andHx

II at
y5d, 0<z<s, An can be expressed in terms ofH0 as

An5
nxsH0 sin~nxd!sinc~kzns/2!ejkzns/2

nnd sinh~nn~b2d!!
. ~13!n
2711Joe et al.
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By evaluating all the magnetic fields at the waveguid
and groove walls and carrying out the integral in the numer
tor of Eq.~10!, evaluating the denominator of Eq.~10! using
Ey
II andHx

II and substituting the results utilizing the relation
in Eq. ~13!, one obtains

ap5
z1c

2sdP
, ~14!

where

z5
1

~vm0!
2 sin2~nxd!H asnx

2 sin2~nxd!

2
1kx

2s

3Fd2
sin~2nxd!

2nx
G1

adk0
2

2
1a@nx

22kx
2#
sin~2nxd!

4nx
J ,

~15!

c5
ps2

~vm0d!2 (
n52`

`
sinc2~kzns/2!

nn
2sinh2~nn~b2d!!

3H a2 @cosh2~nn~b2d!!11#@nx
41kx

2kzn
2 #

1kx
2 sinh~2nn~b2d!!

2nn
@nn

21kzn
2 #

1kx
2~b2d!@kzn

2 2nn
2#J ,

P5
as2nx

2

4vm0d
2 (
n52`

`
kzn sinc

2~kzns/2!

nn
2 sinh2~nn~b2d!!

3H ~b2d!1
sinh~2nn~b2d!!

2nn
J

z and c are the terms that describe the skin effect loss
regions I and II, respectively.

Figures 9 and 10 illustrate the calculated skin effect los
and the ratio ofa/kz0 for deep and shallow groove gratings
respectively~the parameters for both gratings are shown o
Table I!. For both cases, the skin effect losses are high ne

FIG. 9. The calculated and experimental data for skin loss and the ratio
a/kz0 for the deep groove grating.
2712 Phys. Plasmas, Vol. 4, No. 7, July 1997
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the cutoff and stop-band frequencies where the group vel
ties are close to zero. The loss near the cutoff frequency
the TEx10 mode is on the order of that corresponding to t
TEz10 mode. Note that in Fig. 9, Eq.~14! is no longer rigor-
ously valid for frequencies above 12.25 GHz~for the TEx10
mode! since the ratio ofa/kz0 is no longer small~i.e.
a/kz0, 0.1!. By comparing Figs. 9 and 10, the skin effe
loss for the deep groove grating is shown to be much lar
than that corresponding to the shallow groove grating at
desired Ku-band operation frequency of 12-16 GHz~this is
why we are able to observe small signal gain for a shall
groove grating which is discussed in the next subsectio!.
The dominant loss for the deep groove grating comes fr
the wall surface areas atz5 0 andz5s in region I ~see Fig.
1!. These surface areas for the shallow groove grating
only about one-fifth of those for the deep groove gratin
Therefore, the skin effect loss can be reduced by decrea
the groove depth,d, of the grating. The calculated skin effe
losses for the deep groove grating agree quite well with
network analyzer measurements for frequencies below 12
GHz as shown in Fig. 9. For example, at 12 GHz, the th
retically predicted loss is220 dB for a 100 grating period
The measured skin effect loss is218 dB. Note that at this
frequency, the calculated loss is marginally valid sin
a/kz0'0.1.

Figure 11 plots the shallow groove grating skin loss p

of

FIG. 10. The calculated skin loss and the ratio ofa/kz0 for the shallow
groove grating.

FIG. 11. Shallow groove grating skin loss per period versus normali
frequency for various groove depths.
Joe et al.
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period versus frequency for various groove periods an
fixed groove depth (d56.604 mm! and a fixeds/p ratio
(s/p50.5!. As the grating period increases, the minimu
value of the skin loss decreases. Figure 11 suggests th
order to keep the skin loss below a particular value at a gi
frequency, one should not exceed a certaind/p. For ex-
ample, at 12 GHz, in order to keep the skin loss below 0
dB/period, one should not exceedd/p52.6. In this case, the
groove period must be larger than 100 mils or 2.54 mm.

C. Shallow groove configuration for backward wave
amplification

In the previous subsection, it has been shown that
shallow groove grating has low skin effect losses at the
sired operation frequencies~12–16 GHz!. Therefore, we
should expect to observe small-signal-gain in the backwa
wave-mode regime for this grating configuration. From t
dispersion relation shown in Fig. 12, it is obvious that th
configuration has wideband tunability.

To experimentally verify this, we utilized the experime
tal configuration shown in Fig. 8. No input signal wa
coupled into the grating. The peak, incoherent spontane
emission frequency response for various beam voltages w
detected through the upstream loop. The results are plotte
Fig. 13 and are in good agreement with the theoretical tun
curve. This configuration is tunable from 10 to 14 GHz w
low beam energies, in this case from 4 to 9 kV.

Using a similar experimental arrangement, the mic
wave excitation was coupled into the grating through

FIG. 12. Illustration of shallow groove backward wave mode tunabi
frequency range from 5 to 10 kV.

FIG. 13. Shallow groove experimental tuning curve compared to theore
one.
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downstream loop and small signal gain for the backw
wave was detected at the upstream loop. Typical scope tr
observed during small signal gain measurements are il
trated in Fig. 14. These traces were taken when the beam
grazing over the grating surface of two 8.89 cm long shall
groove grating segments. Trace 1 is the beam current
lected by the upstream smooth waveguide section. Trace
the beam current collected by the grating surface and tra
is the beam current collected by the downstream smo
waveguide section. Trace 4 is the time average microw
signal detected by a negative voltage diode detector.
center frequency of the tuned-band-pass filter is tuned
13.42 GHz. The transient response in traces 1, 2, and 3
associated with the rise and fall at the electron gun cath
voltage pulse. The rise-time is about 10ms.

During the transient period, the beam voltage increa
to finally reach a steady-state voltage, in this case 9.4
Since the transient provides a voltage sweep, trace 4 sh
exhibit microwave energy absorption and gain at this f
quency during the rise time. This is indeed the case. Trac
in Fig. 14 starts with a rise above the zero reference line~a
decreased signal for the negative response voltage diode! and
monotically becomes more negative until it reaches abou
mV below the zero reference line. The curve above the z
reference line corresponds to microwave energy absorp
by the electron beam and that below the zero reference
corresponds to microwave energy gain.

Classic experimental antisymmetric gain curves for 1
and 13.42 GHz are shown in Fig. 15. Normalized gain in t

al

FIG. 14. A typical gain/absorption trace during single particle gain meas
ments.

FIG. 15. Shallow groove single particle gain curves for 13 and 13.42 G
2713Joe et al.
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tical
figure is defined as (Pout2Pin)/Pin . Every experimental
point illustrated in this figure is obtained by averaging
waveforms whose shapes are similar to that of trace 4 sh
in Fig. 14. Note that whenv/ve5kz0, the normalized gain is
actually close to zero. For the 13.0 and 13.42 GHz cases,
corresponds to 8 and 8.5 kV beam energies, respectively.
both cases, optimum gain occurs when the beam velocit
slightly greater than that at resonance, and the peak abs
tion occurs when the beam velocity is slightly less than t
at resonance. In other words, the slow wave gains ene
when it interacts with the slow space charge wave and lo
energy when it interacts with the fast space charge wave4

The theoretical growth rate4 per groove period at 13.42
GHz for various axial velocity spreads has been compa
with the experimental results. Three 8.89 cm segments
shallow groove gratings are utilized. The beam density u
for calculations was 32 A/cm2 which is approximately equa
to the beam density for the M707 electron gun at 10 kV. T
comparison is illustrated in Fig. 16. Each experimental d
point represented in the figure is obtained by averaging
shots. LetDVb be the beam voltage difference betwe
Vbumax.growth and Vbumax.absorption. The figure shows that as
v th /v0 increases,DVb also increases. The experiment
DVb is close to that corresponding to a 5% axial veloc
spread. Also, the experimental maximum growth rate
period is very close to the 5% axial velocity spread ma
mum growth rate per period. This is consistent with the p
vious and recent beam spread measurements utilizing an
ergy analyzer and Faraday cup.12 The beam spread is due t
various factors associated with magnetic beam optics inc
ing a sensitivity to alignment of the gun magnetic flux shie
During the experiment, we also searched for absolute in
bilities by looking for gain without an input signal in th
12.8 to 14.2 GHz frequency range. However, no coher
absolute instabilities were observed. This is consistent wi
5% axial velocity spread.4

The growth rates calculated in Fig. 16 are for a she
beam configuration. The experimental growth rate obtain
however, is for a pencil-beam. The pencil beam growth r

FIG. 16. Comparison between theoretical and experimental growth rate
13.42 GHz.
2714 Phys. Plasmas, Vol. 4, No. 7, July 1997
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differs from that of the sheet beam by a filling factor to t
one-third power,F1/3,13 in the high-gain-compton regime
~this becomesF1/2 in the Raman regime andF in the low-
gain-Compton regime13!.

For a 0.5 mm beam radius,F1/3 is approximately equa
to 0.5. Therefore, the sheet-beam growth rate would be ab
twice the pencil-beam growth rate in the linear regime~it
would be three times larger in the Raman regime and ab
ten times larger in the low-gain-Compton regime!.

Figure 17 illustrates the comparison between experim
tal growth rate and the theoretical growth rate frequency
sponse for a 5% axial velocity spread which is convolu
with a 70 MHz bandwidth Gaussian band-pass filter. T
theoretical growth rate shown in this figure includes t
high-gain-Compton regime filling factor and is compar
with the experimental growth rate. The convolution chang
the theoretical growth rate curve from a parabolic shape
bell shape which is closer to that corresponding to the
perimental curve. The experimental growth rate is lit
smaller than the theoretical growth rate. This is due to
fact that the device operation is in transition between
low-gain-Compton regime and high-gain-Compton regim
The device must satisfy the conditionQl3!1 and
Q1/3@vp /v0

14 for operation in low gain and high-gain
Compton regimes, respectively.Q is a parameter which in-
corporates the coupling parameterk, and the beam plasm
frequency and axial velocityQ5k(vp /Voz)

2. For our case,
Q535 cm23, vp /v051.7 cm21 and l527 cm. Hence, the
device marginally satisfies the high-gain-Compton regim
Corrections to the beam filling factor account for the fac
of two difference between the theory and experiment.

Normalized gain versus the beam position with resp
to the grating surface is plotted in Fig. 18. The gain is ma
mized when the beam is just grazing the grating surface
decays exponentially as the beam is moved away from
grating. This is expected since the magnitude of theEz field
component of the slow wave which interacts with the be
decays exponentially away from the grating surface. T
power decay rate is proportional to exp22n0y, where y is the
distance of the beam with respect to grating surface
n0
25kz0

2 2k0
21kx

2 . At 8.8 kV, the frequency resonates
13.54 GHz and atkz0515.48 cm21. The theoretically pre-
dicted e-folding distance for the coupling reduction due
beam-grating spacing is 1.1 mm which agrees very well w
the experimental result shown in Fig. 18. When the beam

at

FIG. 17. Comparison between experimental and convoluted theore
growth rates at 13.42 GHz.
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moved closer to the grating than the grazing incidence lo
tion, the gain is also reduced since many of the beam e
trons intercept the grating surface and are no longer avail
to interact with the slow wave.

V. SUMMARY

We have carried out an analysis and experimental inv
tigation for shallow and deep groove grating slow wave a
plifiers. The phase measurement results for both shallow
deep groove gratings match very well with the analytic d
persion relation. The experimental tuning curve and sm
signal gain have also been presented for the shallow gro
grating configuration. The experimental tuning curve agr
well with the theoretical one. The small-signal gain measu
ment suggests the device is operating marginally in the h
gain-Compton regime. For the deep groove grating, ho
ever, no small signal gain is observed due to large skin ef
losses at the desired operation frequency.

FIG. 18. Shallow groove small signal gain versus beam position.
Phys. Plasmas, Vol. 4, No. 7, July 1997
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