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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 tub€TWT) amplifiers. For forward wave
operation, it is required that the ratio of groove depth,to grating period,p, be large(i.e.
d/p=5) while small values odl/ p allow backward wave operation. For lardép, 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 transforiFFT) analysis have been carried out. The results show that the
measured dispersion relations for both shallod/p= 0.446) and deep groove gratings
(d/p= 7.43) agree very well with the theoretical dispersion relations. For amplifier experiments, a
round “probe” beam(10 kV, 0.25 A, 1 mm radiusfrom a Litton Pierce electron gumodel M707%

is utilized. The beam is confined by mearfsaol kG focusing solenoidal magnetic field. Tuning
curve and single particle backward wave gain measurements are presented and discud€99¥. ©
American Institute of Physic§S1070-664X97)04507-3

I. INTRODUCTION tion (w=k,vg), that will interact with the beam at a particu-
lar frequency.
A rectangular grating slow-wave structure has been uti-  In Section Il the theoretical dispersion relation for the

lized in several previous microwave oscillator exper-grating structures is developed. In Section Ill, the phase mea-
iments!~ These experiments employed electron beam enersurement technique is described. The deep groove and shal-
gies >100 kV. The configurations used were either openlow groove phase measurement results are discussed. The
grating structures with a top mirror aligned parallel to theexperimental configuration and gain measurement results are
metal grating without sidewalls or an axial cavity reflector. presented in Section 1V. Skin effect loss calculations are also
In these configurations, the grating modes can be expandguesented in this section. A summary section completes the
in terms of pure transverse elect(iEE) and transverse mag- paper.
netic (TM) modes.

This paper presents an experimental investigation of a
closed rectangular waveguide with grating structure at thél. DISPERSION RELATION
lower boundary(Fig. 1) for low energy beam amplifier ap- . . . , :
plications. We have previously publisfed theoretical Consider a rectangular grating waveguide configuration

analysis of the hybrid mode dispersion relation and the ab§h0.Wn in Fig. 1. T'he rectangular grating vyavegwde has a
solute and convective regions of wave growth for this conPerIOd P, groove widths, groove deptrd, guide widthw,
figuration. This structure is sheet beam compatible. A she nd guide _helghb_ from_the grating surface to the top con-
beam configuratioh’ is capable of carrying more beam cur- uctor. Th'gs C(_)nf|gurat|on supports a set of hybrid mOdeS
rent compared to that of a conventional round beam with IesgaIIed TE: Th's. set of modes has all components of electric
space charge because of its larger beam cross sectional ar@gd magnetic fields except &8, component. The Tk

Therefore, higher efficiency and higher power in a compac{node s the fundamental que for thi; set OT hybrid modes.
device can be obtained. We have previously derived the dispersion relation for

The normal modes for slow-wave-beam interaction in atheTEX modé which is given by

grating-lined rectangular waveguide are expanded in terms s o sin(k,s/2)
of hybrid modes transverse electric xo( TE,,,),® Wherex D(w,ky)=1—r,p tan(vd) = >, »p @anf(vb)
refers to the transverse dimension of the guithe other set Pn==e ¥ob vn
of hybrid modesT M, , operate at much higher frequendies where v2=k3—k2, v2=k2,—v2, sinck,S/2)= ([Sin(k,s/

To understand the physics of low ener@¥<10 kV) beam-  2)]/[k,s/2], andk,, is the Floquet spatial harmonic which
amplifier interaction in a grating-lined rectangular wave-satisfies the relatiok,,=k,+ (27n/p).

guide, we have utilized two different configurations, a deep  To operate in the forward wave regime with a low volt-
groove grating, and a shallow groove grating with a lowage electron bearfi.e. <10 kV), it is necessary to utilize a
energy “probe” round electron beam. Phase measurementygrating with a large groove-depth-to-period ratio &/

for these two types of gratings are carried out to verify theshallow groove gratingsmall d/p) is utilized for backward
theoretically predicted grating dispersion relations. This prowave regime operation with the same low voltage beam. The
cedure is crucial to ensure the presence of the slow wavegeometrical parameters for both types of these gratings se-
with wavenumbers which satisfy the beam resonance condlected for the purpose of our experimental investigations are

@
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FIG. 3. Experimental set up for phase measurements.
FIG. 1. Rectangular waveguide grating geometry.

was connected to the local oscillatdrO) port of a mixer

listed in Table I. These parameters will be utilized through-and was used as the reference signal. The other end of the
out the paper to refer to shallow and deep groove gratingsrectangular grating waveguide was terminated with a

Utilizing the parameters in Table | and applying 89,  matched load. A dipole probe made out of microcoax was
one obtains the dispersion relations shown in Fig. 2. With thenserted into the slot of the channel block to probe the mi-
same 10 kV beam, the resonance interaction point occurs igrowave signal which propagates in the rectangular grating
different regimes for the two gratings. For a deep grooveyaveguide. The probe signal was connected to the rf port of
grating, the resonance point occurs in the regime where thghe mixer and mixed with the reference signal. A motor was
phase and group velocities of the slow wave propagate in thgtilized to drive the probe in linear motion over the slots to
same direction. Conversely, for the shallow groove gratingptain the signal phase variation as a function of axial posi-
case, the resonance point occurs in the region where thfn in the waveguide. The dc output trace from the mixer’s
phase and group velocities propagate in opposite directionsntermediate frequencglF) port which contains the rectan-

gular grating waveguide phase information was recorded and

IIl. PHASE MEASUREMENTS observed using a digitizing oscilloscope. A fast Fourier
transform (FFT) of this trace was performed to obtain the
k,-spectrum of the wave propagating in the rectangular-

Phase measurements for deep and shallow groove gragrating-waveguide.
ings were carried out to verify the theoretical grating disper-
sion relation. This procedure is crucial to verify the predicted .
mode and wavenumber that will interact with the beam at thé>- Analysis
resonance frequency. The scheme for the phase measurement Mathematically, the dc output trace from the mixer can
experiment is shown in Fig. 3. be described as follows. Let the reference signal fed into the

A slot was cut along an OFHGQoxygen-free-high-  mixer's LO port beV, g coswt+ ¢ o). ¢ o is the phase shift
conductivity copper channel block. Four 8.89 cm segmentfrom the directional coupler’s-10 dB port via a coaxial line
combinations of smooth surface and grating pieces were into the mixer's LO port. The reflection coefficients due to the
serted from below into the channel to form a smooth walldiscontinuity at the Ku-band waveguide-grating interface at
waveguide and a rectangular waveguide grating slow wavene input and output ends can be representefl oy 6, and
structure, respectively. A microwave signal from a syntheT', 2 6,, respectively. The reflection of the incident wave due
sizer was connected to an SMA-to-Ku-band-waveguide couto the probe can be written d3,2 6, whereT';, I',, and
pler through a—10 dB directional coupler. The signal from I, are real numbers.
the output port of the directional coupler was launched into  The fields inside the rectangular grating can be written in
one end of the rectangular grating through a Ku-band waveterms of forward wave and backward wave fields. The volt-
guide. The signal from the-10 dB directional coupler port age representing these fields reads as

A. Experimental configuration

o

Vew= 2 Vy codwttkezt ), @)

4 oo

1 Vew= 2V, codwt+ky(l=2)+¢p). &)

Deep étoove
Grating

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

1 | ! | 1 1
T T T T T

T T
0 5 10 15 20 25 30 35 40

K (Ve Grating type p(mm) d(mm) s(mm) a(mm) b(mm)
Shallow groove 3.556 1.588 1.778 15.799 5.08
FIG. 2. TE,, dispersion curves for deep groove and shallow groove grat-Deep groove 0.889 6.604 0.445 15.799 5.08
ings.
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Vew and Vg, are forward wave and backward wave voltages, and ¢, are phase shifts due to propagation path and
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

[’

Vo=k 2, {Vi codwt+k,z+ ¢ )+V, codwt+k,(1—2)+ ¢, )+ oV, codwt+k,(1—2)+ ¢ +6,)
n=-—ow

+I'V, coqwt+k,nz+ ¢, +61)+ Fll“erT coq wt+k,,3z+ ¢t + 6, + 0p) + IV, codwt+k,.3(1—-2)+ ¢,
+60,+0p)+H.O.T} 4

« is the dipole probe coupling parametét,V,! is the forward wave reflected by output end discontinultyy, is the
backward wave reflected by the input end discontinuityl’ 1V, is the forward wave which is reflected back and forth by the
probe and input end discontinuity, ahgI’,V, is the backward wave which is reflected back and forth by the probe and
output end discontinuity. H.O.T. represents higher-order-terms which make a small contribution(49. Eq.

The output from the mixer IF port is obtained by multiplying the mixer LO port signal to the mixer rf port signal which
is equal toV,,. To first-order, the terms are given M= V{+ Vi< where,

kVio = - _
ViE=—5— 2 {Va coskuz+ by~ bro) +Vy cosken(l=2)+ by — bio)
+T,V, cogky (I =2)+ ¢y + 0~ o) + 11V, cogk,nz+ ¢, + 01— o)
+T4TV,y €032+ ¢y + 01+ 0= o) + Tol' )V, €0k, 3(1 = 2) + ¢y + 02+ 0~ o) +H.O. T, (5)

ac_ kVio
IF— 2

n:z_ (Vi cod2wt+k,nz+ ¢ + do)+V, cog2wt+K,n(1—2)+ ¢y, + bro)

+T,V, cog2wt+k (1 —2)+ ¢ + 0,+ o)+ TV, cog2wt+K,nz+ ¢, + 01+ bLo)
+I3 TV, cog2wt+K,,3z+ ¢y + 01+ 0+ dro) + Tl )V, cog2wt+k,3(1—2)+ ¢, + 0,7+ 6,
+ ¢ o) +H.O. T} (6)

V¥ is the dc component of IF port output aMiC is the IF ~ C. Results

port output signal at a frequency twice that of the input mi-  The dc output traces from the IF port on a long-time-
crowave signal. The dc part is easily detected by oscillogggle oscilloscope~2 min) were acquired utilizing a Lab
scope. View data acquisition software package. These data are then

By performing a Fourier transform with respectz®n  post-processed by utilizing the Matlab FFT package to ob-
the dc component of the IF port output, the spectra of waverain the wavenumber spectra information.
numbersk, inside the rectangular grating waveguide can be  an jjjustrative example of a dc output trace and its FFT
obtained. is shown in Figs. @) and 4b), respectively. This is a shal-
Wﬂ:c(kz):f/f{vﬂ:c(z)}. @ !ow groove case operat_ing at 12.2_ GHz. The primary signal
is the fundamental spatial harmonic and the groove structure
The results, if H.O.¥. are neglected, can be written as, modulating the primary signal shown in Figia# consists of
v - high-order spatial harmonics. The third harmonic of the fun-
ey, KYLOT Ve + - damental forward wave space harmonic is due to the small
7i(ke) = 2 n;w {[Vn +Vn +15Vn + 11V ] reflection of the signal by the probe which also modulates
the primary signal such that the signal shape is no longer
purely sinusoidal. The wavenumber spectrum of the longitu-

X 8(Ky = Kyp) + [T 1T Vit +T o pVy ]

X 8(K,* 3k} (8) dinal spatial trace is shown in Fig(l) where it i§ easy to _
recognize the spectra of the fundamental spatial harmonic,
The spectrum of7/{(k,) consists of=k,,, n=0,12...,  third harmonic of the fundamental spatial harmonic, and the
and * 3k,,. If H.0.T%. are included;+ (2m+ 1)k, ,, will be first-order spatial harmonic.
part of the solution to E(8), wherem=2,3,. .. ,. Note that

the wavenumber spectra, during the Fourier transform calcul: Shallow groove configuration

lations, are independent of all constant phase shifts compo- The shallow groove dispersion relation measurement
nents in Eq(5) such as,, ¢, . Reflections due to input and agrees very well with the theoretical one. This is illustrated

output end discontinuities add odd multiple wavenumbeilin Fig. 5. With the phase measurement technique, we are
harmonics to the measurements. able to capture both the fundamental spatial harmonic and
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FIG. 6. Experimental results of deep groove dispersion relation.

mixer and the directional couplerthe phase measurements
are discontinued at this frequency.

2. Deep groove configuration

The theoretical dispersion relation for a deep groove
grating utilizing Eq.(1) and the measured dispersion relation
using the phase measurement method described previously
are compared in Fig. 6. Note that the third harmonic of the
fundamental spatial harmonic due to probe reflections is no
longer present. This is due to the large skin effect losses for
the TE,;o mode in a deep groove grating. The reflected signal
from the probe becomes very weak after traveling three
times the path length from the beginning of the grating to the
probe. The third harmonic of the high order ,fJEmode is
still detectable(not shown in the figunesince the skin loss
for this mode is small for the 15.5 to 17 GHz frequency
range.

The deep groove grating measured dispersion relation
agrees very well with the calculated ones both for the

the first-order spatial harmonic for the fundamental hybridTE,;, and the TE;; modes. It is very difficult, however, to
mode TE,. Note that along with the spatial harmonics, the access the flat part of the Tf dispersion curvé14.0 GHz
third harmonic of the fundamental spatial harmonic is also<frequency=14.5 GH2 because the loss due to skin effect
present due to the probe’s reflection. This is an artifact of thebsorption is large. The higher-order-spatial-harmonic power
phase measurement system and would not be present in tlevel is much smaller compared to the primary signal so that

absence of the probe.

the FFT of VE no longer resolves the higher-order-spatial-

Since the microwave system used for the phase measurharmonic content.

ments is calibrated up to 18 GHlmited primarily by the
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FIG. 5. Experimental results of shallow groove dispersion relation.
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IV. GAIN MEASUREMENTS
A. Experimental setup

Figure 7 illustrates the schematic of the grating amplifier
experiment. The electron beam is generated by an M707 Lit-
ton thermionic Pierce electron gun. The beam cross section
is round and haa 1 mmradius. The perveance of the elec-
tron gun is 0.26upervs. The beam is focused and transported
by a 1 kGsolenoidal dc magnetic field. The grating is placed
inside the vacuum chamber. A pressure of 4T orr inside
the vacuum chamber is achieved during the experiment. The
position of the grating with respect to electron beam can be
mechanically adjusted from outside of vacuum chamber uti-
lizing linear motion feedthrus. The pulse width of the beam
is 30 us. The beam is diverted at the downstream end to a
OFHC copper beam dump.

Joe et al.
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4.2 GHz. However, the expected small signal gain was not
bserved experimentally. This was determined to be due to
arge skin effect losses in the deep groove grating structure.

Generally, the small skin loss for a rectangular wave-
juide grating can be obtained from the relatfon

§,H,HId/
a= , ©
205 Re(E;xH})ds

where H, is magnetic field component tangential to the
FIG. 7. Assembly for rectangular waveguide grating single particle gainwaveguide wallsg is the material conductivityg is the skin
experiment. depth, andE; andH, are the transverse components of the
electromagnetic field. For a rectangular waveguide grating,
The microwave coupling and detection systems are illusthe skin loss calculation is simplified if it is carried out over

trated in Fig. 8. Small loop antennas are transversely insertegf'® 9rating periog. The unit fora becomes Neper/period
at each end of the smooth wall rectangular waveguide folnstead of Neper/meter. The skin effect loss for one period
input and output T, mode coupling. The diameter of each [Ed- (9)] becomes

loop is 2 mm. Broadband, high vacuum compatible, silicon

carbide attenuator fins are placed at both ends of rectangular fzsﬁ/HT' H7d/dz

waveguides. They provide excellent suppresdier20 dB) ap= . (10)
of unwanted end reflections and prevent the system from 2051fpf RG(E—tXWC)deZ

self-oscillation. For forward-wave-mode operation, the input P oS !

signal is coupled into the grating through the upstream loo . . .
and detected by the downstream loop and vice versa f(lt):rrhe expression for skin loss in Eq®) and(10) only holds

) : . r weak damping, that is, whea/k,,<1.1*
backward-wave-mode operation. The detected signal is fec? The rectar?gu%ar waveguide grzfgting can be divided into
into a narrowband tuned filter and amplified before being fec{wo

to a broadband crystal diode detector. The tuned filter is a_ E%I(i)gsr(eseignlzlllg.T%]eonfgiglc(fﬁzjl dsclsn:e?)lr?gn:saigdre-
Gaussian filter with a 20 MHz bandwidth. =Y= 9 ' g P

Both rectangular waveguides are electrically isola’teoglon lare

from the grating structure utilizing high-vacuum-compatible H )
. . . .. . H| _ 0 2 k
thin mica insulators. This isolation allows the measurement  "'x= 7y, ¥x sin(kx)cos vy),
of beam currents which intercept each section of the struc- (13)
ture. M= 9 L cogko)sin(ry)
= = T KV 14 y
y joug xPx X X
B. Deep groove configuration for forward-wave-mode . . .
regime and a partial set of the electromagnetic field components in
region Il are

From the previous theoretical considerations, forward- 5 .
wave-mode operation with a 10 kV beam voltage is feasible L ik,
for the deep groove configuration. The beam-slow wave Hx_jwlu,o sm(kxx)n;_m An cosfiwn(b=y))e Tert,

resonance condition should occur at a frequency close to

0

k
n_ _ ™
Hy= Torig cos(kxx)nzi_m Anvn

SiC absorber
Loop Detector

X sinh( v,(b—y))e ker?,

TE,
0 A 1 TExion \0\ - . (12
pacommaware N\ WM™ o e Hy=—+——cogkX) 2 jKkzAn
Loop Eleciron  Grating SWS Loop Jopo n=-—o
Beam Jk ,
x cost{vp(b—y))e 2,
Tapar o
ey ﬂ W W > Ey=sink,x) > jkyA, costivy(b—y))e ke,
n=—o
Ylgi?ejr“ o gs_ dllg gilllllzl gﬂhdllg ggﬁ (i)ri};s(;:l A dH field fficients. B tchi | dH 1l t
1.- 18 GHz Max. OQuput M;E.‘g}uput [)i)e'lesﬂ(o;;lz n an 0 are e coertficients. y maltc |”gx an X al
20 MHz 10 dBm m .1 - — H
Bandwidth y=d, 0<z<s, A, can be expressed in terms idf, as
; ; ik, si2
FIG. 8. Diagram for rectangular waveguide grating coupler and detection A= vxSHo sin( Vx.d)Slndkan/Z)e ‘ (13
system. v,d sinh(v,(b—d))
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FIG. 10. The calculated skin loss and the ratioadk,q for the shallow

. . ) roove grating.
FIG. 9. The calculated and experimental data for skin loss and the ratio 09 9 9

alk,q for the deep groove grating.

the cutoff and stop-band frequencies where the group veloci-

By evaluating all the magnetic fields at the waveguideties are close to_ zero. The loss near the cutoff frequency for
and groove walls and carrying out the integral in the numeralh® TEao mode is on the o_rder of that _correspondlng to the
tor of Eq.(10), evaluating the denominator of E{.0) using TE;z0 mode. Note that in Fig. 9, Eq14) is no longer rigor-

Ey andH} and substituting the results utilizing the relation ously valid for frequencies above 12.25 GHfer the TE,,
in Eq. (13), one obtains mode since the ratio ofal/k,y, is no longer smalli(i.e.

alk,p< 0.1). By comparing Figs. 9 and 10, the skin effect

ity loss for the deep groove grating is shown to be much larger
ap= 206P’ (14) than that corresponding to the shallow groove grating at the
desired Ku-band operation frequency of 12-16 Qs is
where ; ;
why we are able to observe small signal gain for a shallow
1 a3v§ Sir?(v,d) ) groove grating which is discussed in the next subsegtion
" (opg)? sinz(vxd)[ 2 Ky The dominant loss for the deep groove grating comes from
the wall surface areas at= 0 andz=s in region | (see Fig.
sin2v,d)] adkd » . 5. SiN(2v,d) 1). These surface areas for the shallow groove grating are
d— + +alvi— K ]———, P :
2, 2 4y, only about one-fifth of those for the deep groove grating.
(15 Therefore, the skin effect loss can be reduced by decreasing
the groove depttd, of the grating. The calculated skin effect
’ ps? sin(k,s/2) losses for the deep groove grating agree quite well with the
= 7 7 — network analyzer measurements for frequencies below 12.25
(@400 visint?(vy(b—d)) GHz as shown in Fig. 9. For example, at 12 GHz, the theo-
a 4 22 retically predicted loss is-20 dB for a 100 grating period.
X{E[COSH( vp(b—d))+ 1][ vy +kikz,] The measured skin effect loss is18 dB. Note that at this
frequency, the calculated loss is marginally valid since
ZSinr(zvn(b_d)) 2 2 a/kzO%O.l.
K 2v, [vnt Kol Figure 11 plots the shallow groove grating skin loss per
+k2(b—d)[k2,— Vﬁ]], :
asr? S Ky,Sin(K,s/2)
P donod® .. 77 sinf(vy(b—d)) U
(dB/period)
><|(b—d)+ sinh(2v,(b d))] .
2v,

{ and ¢ are the terms that describe the skin effect loss in
regions | and Il, respectively.

Figures 9 and 10 illustrate the calculated skin effect loss
and the ratio ofw/k,q for deep and shallow groove gratings,
respectively(the parameters for both gratings are shown orgig. 11, shallow groove grating skin loss per period versus normalized
Table )). For both cases, the skin effect losses are high nearequency for various groove depths.

9 10 11 12 13 14 15
Frequency (GHz)
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Frequency (GHz)

k,p/2n

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

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

period versus frequency for various groove periods and a
fixed groove depth d=6.604 mm and a fixeds/p ratio
(s/p=0.5). As the grating period increases, the minimumdownstream loop and small signal gain for the backward
value of the skin loss decreases. Figure 11 suggests that Wwave was detected at the upstream loop. Typical scope traces
order to keep the skin loss below a particular value at a givemwbserved during small signal gain measurements are illus-
frequency, one should not exceed a certdip. For ex- trated in Fig. 14. These traces were taken when the beam was
ample, at 12 GHz, in order to keep the skin loss below 0.03yrazing over the grating surface of two 8.89 cm long shallow
dB/period, one should not excedfip=2.6. In this case, the groove grating segments. Trace 1 is the beam current col-
groove period must be larger than 100 mils or 2.54 mm. lected by the upstream smooth waveguide section. Trace 3 is
the beam current collected by the grating surface and trace 2
C. Shallow groove configuration for backward wave is the beam current collected by the downstream smooth
amplification waveguide section. Trace 4 is the time average microwave
éignal detected by a negative voltage diode detector. The
; ; center frequency of the tuned-band-pass filter is tuned to
shallow groove grating has low skin effect losses at the delg.42 GHz. The transient response in traces 1, 2, and 3 are

sired operation frequenciefl2—16 GH2. Therefore, we . . .
should expect to observe small-signal-gain in the backwam@ssouated with the rise and fall at the electron gun cathode
voltage pulse. The rise-time is about i8.

wave-mode regime for this grating configuration. From the . . . :
g 9 9 g During the transient period, the beam voltage increases

dispersion relation shown in Fig. 12, it is obvious that thist tinall h teadv-stat it in thi 94 KV

configuration has wideband tunability. SO' matr): rteac a tsea y(—js ate voltage, n this tcase4. h I.d
To experimentally verify this, we utilized the experimen- ince the transient provides a vollage sweep, trace 4 shou
exhibit microwave energy absorption and gain at this fre-

tal configuration shown in Fig. 8. No input signal WasL&uency during the rise time. This is indeed the case. Trace 4
coupled into the grating. The peak, incoherent spontaneo . . . Lo
P 9 9 b b Fig. 14 starts with a rise above the zero reference (ine

emission frequency response for various beam voltages wel d sianal for th i it .
detected through the upstream loop. The results are plotted pcreasea signai for the negative response vo age e
onotically becomes more negative until it reaches about 14

Fig. 13 and are in good agreement with the theoretical tunin -
9 g g V below the zero reference line. The curve above the zero

curve. This configuration is tunable from 10 to 14 GHz with . . :
reference line corresponds to microwave energy absorption

low beam energies, in this case from 4 to 9 kV. by the electron b d that below th ‘ i
Using a similar experimental arrangement, the micro- y the electron beam and that below e zero reterence fine
orresponds to microwave energy gain.

wave excitation was coupled into the grating through the® . ) . . .
P g g g Classic experimental antisymmetric gain curves for 13.0

and 13.42 GHz are shown in Fig. 15. Normalized gain in this

In the previous subsection, it has been shown that th

154
= 13- 0.1 T T T T T
= !
Q . Freq.=13 GHz
g1 g 005 - .
g I 0
EACES 4 3 -
54 8 of “\IA
g I 1 g : :
z 0.05 - req. = 13.42 GHz
5 — . ]
3 4 5 6 7 8 9 10 L
_0.1 ] | 1 i 1
Vp (V) 5 8 9 10 1
Vi (kV)
FIG. 13. Shallow groove experimental tuning curve compared to theoretical
one. FIG. 15. Shallow groove single particle gain curves for 13 and 13.42 GHz.
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L h growth rates at 13.42 GHz.
003 I I } I I
7 75 8 85 9 95 10
Vy(kV) differs from that of the sheet beam by a filling factor to the

one-third power,F¥3% in the high-gain-compton regime
FIG. 16. Comparison between theoretical and experimental growth rates 4this become$='2 in the Raman regime anid in the low-
13.42 GHz. gain-Compton regim@).
For a 0.5 mm beam radiu§,”® is approximately equal
to 0.5. Therefore, the sheet-beam growth rate would be about
figure is defined as R, Pin)/Pi,. Every experimental twice the pencil-beam growth rate in the linear regifite
point illustrated in this figure is obtained by averaging 50would be three times larger in the Raman regime and about
waveforms whose shapes are similar to that of trace 4 showten times larger in the low-gain-Compton regime
in Fig. 14. Note that whew/v,=Kk,q, the normalized gain is Figure 17 illustrates the comparison between experimen-
actually close to zero. For the 13.0 and 13.42 GHz cases, thtal growth rate and the theoretical growth rate frequency re-
corresponds to 8 and 8.5 kV beam energies, respectively. Feponse for a 5% axial velocity spread which is convoluted
both cases, optimum gain occurs when the beam velocity iwith a 70 MHz bandwidth Gaussian band-pass filter. The
slightly greater than that at resonance, and the peak absorfieoretical growth rate shown in this figure includes the
tion occurs when the beam velocity is slightly less than thahigh-gain-Compton regime filling factor and is compared
at resonance. In other words, the slow wave gains energwith the experimental growth rate. The convolution changes
when it interacts with the slow space charge wave and lose$e theoretical growth rate curve from a parabolic shape to a
energy when it interacts with the fast space charge Wave. bell shape which is closer to that corresponding to the ex-
The theoretical growth rateper groove period at 13.42 perimental curve. The experimental growth rate is little
GHz for various axial velocity spreads has been comparedmaller than the theoretical growth rate. This is due to the
with the experimental results. Three 8.89 cm segments dfact that the device operation is in transition between the
shallow groove gratings are utilized. The beam density usetbw-gain-Compton regime and high-gain-Compton regime.
for calculations was 32 A/cfrwhich is approximately equal The device must satisfy the conditio@I°<1 and
to the beam density for the M707 electron gun at 10 kV. TheQ'*>w,, /vy** for operation in low gain and high-gain-
comparison is illustrated in Fig. 16. Each experimental dataCompton regimes, respectivel. is a parameter which in-
point represented in the figure is obtained by averaging 5@orporates the coupling parameter and the beam plasma
shots. LetAV, be the beam voltage difference betweenfrequency and axial veIocitQ=K(wp/VOZ)2. For our case,
V| max.growth @3N V| max avsorption The figure shows that as Q=35 cm 3, w,/ve=1.7 cm ' andl=27 cm. Hence, the
vinlvg increases,AV, also increases. The experimental device marginally satisfies the high-gain-Compton regime.
AV, is close to that corresponding to a 5% axial velocity Corrections to the beam filling factor account for the factor
spread. Also, the experimental maximum growth rate peof two difference between the theory and experiment.
period is very close to the 5% axial velocity spread maxi-  Normalized gain versus the beam position with respect
mum growth rate per period. This is consistent with the preto the grating surface is plotted in Fig. 18. The gain is maxi-
vious and recent beam spread measurements utilizing an emized when the beam is just grazing the grating surface and
ergy analyzer and Faraday ctfThe beam spread is due to decays exponentially as the beam is moved away from the
various factors associated with magnetic beam optics includgrating. This is expected since the magnitude ofEhdield
ing a sensitivity to alignment of the gun magnetic flux shield.component of the slow wave which interacts with the beam
During the experiment, we also searched for absolute instadecays exponentially away from the grating surface. The
bilities by looking for gain without an input signal in the power decay rate is proportional to X, where y is the
12.8 to 14.2 GHz frequency range. However, no coherendlistance of the beam with respect to grating surface and
absolute instabilities were observed. This is consistent with a3=k2,—k3+k2. At 8.8 kV, the frequency resonates at
5% axial velocity spread. 13.54 GHz and ak,,=15.48 cm 1. The theoretically pre-
The growth rates calculated in Fig. 16 are for a sheetdicted e-folding distance for the coupling reduction due to
beam configuration. The experimental growth rate obtainedyeam-grating spacing is 1.1 mm which agrees very well with
however, is for a pencil-beam. The pencil beam growth ratehe experimental result shown in Fig. 18. When the beam is
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