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Collective single pass gain in a tunable rectangular grating amplifier
L. J. Louis, J. E. Scharer, and J. H. Booske
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~Received 30 September 1997; accepted 7 April 1998!

The shape of the gain curve and physics of interaction between microwave fields and the electron
beam for a periodic rectangular grating slow-wave Traveling Wave Tube~TWT! amplifier are
investigated. This research focuses on the collective (vpt@1! low-voltage (<10 kV! interaction in
the backward wave regime for the Ku-band~12.5–17.5 GHz! range of frequencies. For amplifier
experiments, a round ‘‘probe’’ beam~10 kV, 0.25 A, 1 mm diameter! confined by a 1 kGsolenoidal
focusing magnetic field was utilized. Simultaneous single-pass collective gain and electron-beam
velocity spread measurements are performed by means of a Faraday cup repeller energy analyzer
configured as the beam collector. Experiments near 13.0 GHz show the maximum normalized
single-pass gain to be in agreement with the theoretical prediction for several axial velocity spreads
(dv i /v i). Collective single-pass experimental results are presented and compared with theory. The
effect of an increased interaction length which is accomplished by partial end reflections on the
enhanced convective growth is measured and discussed. Narrowing of the gain curve as a function
of beam voltage and frequency is shown to result from critical details of the electron-beam radial
current density distribution and is verified experimentally by varying the beam-grating separation.
Experimental results for several beam-grating separations and the effect of a nonuniform peaked
radial current density on the interaction physics are also discussed. ©1998 American Institute of
Physics.@S1070-664X~98!02807-9#
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I. INTRODUCTION

The rectangular grating amplifier is being investigat
for use as a compact, low-voltage, moderate power millim
ter wave coherent radiation source. This paper present
experimental investigation of the shape of the beam-ene
dependent, collective, single-pass gain for the backw
wave tunable grating amplifier. The rectangular grating u
lized in the previous experiments1–3 employed electron beam
energies>100 kV. These configurations were either op
grating structures without sidewalls or an axial cavity re
nator and the grating modes can be expanded in term
transverse electric~TE! and transverse magnetic~TM!
modes.

In our previous paper4 on the theoretical analysis o
wave dispersion and growth, the modes for the pres
closed rectangular waveguide with a grating on one of
broad walls~Fig. 1! are expanded in terms of hybrid mode5

transverse electric tox (TExmn),
6 wherex refers to the trans-

verse dimension of the guide. The other set of hybrid mod
TMx , operates at much higher frequencies. A sheet be
configuration7 is compatible with the rectangular grating g
ometry and would enhance the effective interaction betw
grating modes and electron beam. To study the physics o
interaction, a low energy~V<10 kV! round ‘‘probe’’ beam
is utilized for experimental observations. Phase meas
ments and preliminary gain measurements previou
reported8 verified some of the important features of the the
retically predicted electromagnetic wave dispersion a
growth.

The collective single-pass gain discussed in this pa
was measured with an improved method for input mic
2791070-664X/98/5(7)/2797/9/$15.00
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wave coupling. An E-Plane Tee was used for input coupli
providing a stronger microwave pump. The ability to va
the electron beam energy continuously provided a mean
study the shape of the experimental gain curve as a func
of beam-energy. The use of an annular Faraday cup en
analyzer along with the collector configuration enables
multaneous gain and beam spread measurements. The d
dence of gain on beam axial velocity spread is discussed
compared to theoretical predictions.

Collective space-charge effects9 dominate the interaction
for this device, since the transit time is longer than a plas
period. Using asymptotic~Fourier! analysis we calculate the
growth rate for TEx grating modes interacting with an elec
tron beam with Maxwellian axial velocity spread. The e
perimentally measured peak value of single-pass gain
found to match the theoretically predicted value. The li
shape of the experimental gain differs from theory in tw
respects listed below:

~1! The experimental gain curve as a function of beam vo
age is narrower than theory. This corresponds to a n
rowing in the bandwidth of operation.

~2! Theoretically predicted enhanced convective growth
higher beam energies is reduced from the predicted va
in the single pass gain measurements.

Detailed experimental studies were conducted to exp
these differences. To study the narrowing of the gain cu
the effect of electron-beam radial current density distribut
on the gain function was analyzed. The theory considers
electron-beam radial current density to be uniform, wh
knife edge experiments have shown the radial current den
profile to be Gaussian. Beamlets and different beam profi
7 © 1998 American Institute of Physics
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2798 Phys. Plasmas, Vol. 5, No. 7, July 1998 Louis, Scharer, and Booske
are used to study the effect of the peaked~Gaussian! current
density distribution on the gain function. By varying th
beam-grating separation the interaction physics betwee
exponentially decaying grating mode and an electron be
with Gaussian radial density profile is studied. Experimen
results for several beam-grating separations are present

In the analysis of the backward wave regime, where
beam and wave phase velocities are in opposite directi
the monoenergetic beam theory predicts a dominant abso
instability10 at a beam energy larger than the beam-wa
velocity-synchronism axial energy, as well as a convect
growth at beam energies closer to the beam-wave veloc
synchronism. As the fractional axial velocity spread is
creased above 0.01, the absolute instability is transform
into convective growth and manifests as ‘‘enhanced conv
tive growth.’’ This enhanced convective growth is theore
cally observed as a knee in the theoretical gain-versus-be
energy function. However, its presence in the experiment
measured gain function is significantly less than the theo
ical prediction. In an effort to observe the enhanced conv
tive growth, the effective interaction length for the prese
system is increased by adding partial end reflections. Pa
reflections produce a low-Q multiple-pass interaction for
microwaves while allowing the beam to pass through
system. Experimental results for the increased-interact
length ~multiple-pass! system are discussed.

In Sec. II, the experimental single-pass gain as a fu
tion of beam spread is compared with theoretical predictio
Also the effect of increased interaction length in t
multiple-pass system on the gain shape is discussed
compared with the experimental single-pass and theore
gain. In Sec. III, the sensitivity of the single-pass gain sha
for different beam/grating separations and the radial pro
of the beam current density distribution is discussed. A su
mary section concludes the paper.

II. SINGLE-PASS GAIN MEASUREMENT

The grating amplifier consists of a 10.5 in., 75 peri
grating segment attached to the bottom of a channel blo
producing a grating-lined Ku-band rectangular-cross-sec
waveguide as shown in Fig. 1. The grating has a per
p53.556 mm, groove widths51.778 mm and groove dept
d51.588 mm. The electron beam has a diameter oft.1

FIG. 1. Rectangular waveguide grating schematic.
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mm. The uncoupled~beam-free! dispersion diagram8 for the
rectangular grating waveguide is shown in Fig. 2. The d
correspond to experimental measurements of both the fu
mental spatial-harmonic and the first-order spatial-harmo
for the fundamental hybrid mode (TEx10) in the Ku-band
frequency range. The single-pass gain measurements
scribe the interaction between a low energy~V<10 kV!
electron-beam and the backward wave fundamental sp
harmonic of this TEx10 hybrid mode. The collective growth
or absorption is measured as a function of beam-energy
fixed frequency.

A. Experimental setup

The grating amplifier system is placed inside a vacu
chamber whose base pressure is 1028 Torr and is supported
by two linear motion transducers so that an accurate vert
alignment can be made. Two additional linear motion tra
ducers are attached to the grating utilizing U-shape clamp
allow a horizontal position adjustment. These vacuu
feedthroughs allow the grating position to be adjusted w
respect to the electron beam during the course of exp
ments. Figure 3 illustrates the side view of the grating a
plifier system in the vacuum chamber with the magnetic
cusing system.

FIG. 2. Dispersion diagram for the TEx10 hybrid mode.

FIG. 3. Side view of grating amplifier.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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2799Phys. Plasmas, Vol. 5, No. 7, July 1998 Louis, Scharer, and Booske
The single-pass grating amplifier has three sections
its schematic is shown in Fig. 4. These three sections of
grating are electrically isolated from each other to meas
the individual body currents produced by the beam interc
tion. Microwave input power is coupled to the system
means of an E-Plane Tee connected to the upstream-en
the grating-lined waveguide. The output section consists
smooth-wall Ku-band waveguide with a magnetic loop d
tector on the narrow wall of the waveguide and is attache
the downstream-end of the grating-lined waveguide to de
the amplified signal. A smooth-wall Ku-band wavegui
with a tapered silicon carbide absorber inserted in the c
tered broadwall slots is connected at either end of the sys
to suppress reflections.

To allow for the desired movement of the grating syst
with respect to the electron beam inside the compact vac
chamber, the length of the E-plane-arm of the tee was
duced. However, network analyzer measurements sho
only a small change in the transmission and reflection pr
erties of the tee due to this reduction of the E-plane-a
height. For example, the transmission parameterS21, with
port 1 designating the E-plane-arm, at 13.0 GHz was fo
to be23.68 dB compared to an idealized parameter of23.0
dB for a conventional~longer-arm! tee. Figure 5 shows the
external circuitry used for microwave launching and det
tion for the waveguide-coupled single-pass case.

B. Beam axial velocity spread measurements

The modified collector configuration shown in Fig.
includes a Faraday cup energy analyzer to enable sim
neous gain and velocity spread measurements. The colle
is coated with graphite to suppress secondary emission.11 A
typical oscilloscope trace of the beam spread measureme
shown in Fig. 6. The repeller voltage is varied about
beam voltage to produce a variation in the collected curr
from zero to its maximum. A 4 kV oscillating voltage is

FIG. 4. Single-pass backward wave grating amplifier setup.

FIG. 5. External rf circuitry for single-pass system.
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superimposed on the dc repeller voltage. The plot of
collector current (I C) as a function of the repeller voltag
(VR) is shown in Fig. 7. The derivative of the collecte
current with respect to the repeller voltage~i.e.,dIC /dVR) is
superimposed on the plot. This gives the beam axial velo
distribution function f (Vb). By using the expression
dv i /v i5dVb/2Vb , the fractional electron beam axial veloc
ity spread for this case is determined to be 0.036.

C. Experimental single-pass gain results

Figure 8 shows a typical oscilloscope trace for the g
measurements. The top portion of the figure shows the va

FIG. 6. Typical oscilloscope trace of repeller voltage and collector curr

FIG. 7. Plot of collector current vs repeller voltage.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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tion in the electron beam energy as a function of time and
bottom portion shows the corresponding change in the ou
voltage of the crystal detector after being amplified by
low noise amplifier. This is the change in gain produced
the change in electron beam energy. The spikes in the d
voltage correspond to the transient rise and fall portions
the beam energy. This spike is a sinusoidal swing deno
absorption and gain similar to the gain curve and is produ
by the beam energy moving from zero to its maximum va
during the rise and vice-versa during the fall.

The normalized ((Pout2Pin)/Pin) gain for the single-
pass operation is shown in Fig. 9 for two beam spreads
fixed frequency of 13.0 GHz. The dilute-beam-wave veloc

FIG. 8. Oscilloscope trace of typical gain curve.

FIG. 9. Experimental single-pass gain for two beam spreads.
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synchronism condition given byv.kzv0 occurs at 7.85 kV.
For a finite-thickness beam in a bounded waveguide, th
are an infinite number of propagating space-cha
normal-modes12,13 on the beam. The beam space-char
waves with frequencieskzv02vpe,v,kzv0 are the ‘‘slow
space charge waves’’~SSCW!, while those space-charg
waves in the rangekzv0,v,kzv01vpe are the ‘‘fast space
charge waves’’~FSCW!. There is gain for beam energie
greater than that for beam resonance which interact with
SSCW and absorption for beam energies less than b
resonance which interact with the FSCW.

The plasma frequency (f p) for this device is 1.54 GHz,
giving a plasma period (tp51/f p) of 0.64 ns. For the inter-
action length (L) of 27 cm, the transit time (t5L/voz) is 5
ns. Since the transit time is significantly longer than a plas
period, the collective space-charge-wave effects are imp
tant to the interaction.9 The corresponding normalized spa
charge parameter(up5vpt)14 for this device is found to be
48.

It is observed in Fig. 9 that, as expected, the experim
tally measured maximum gain or absorption decreases a
velocity spread increases. The beam energy experien
maximum gain or absorption can be seen to shift furt
away from beam-wave velocity synchronism as the veloc
spread increases.

D. Linearity in gain measurements

To study the linearity of the gain with input power lev
els, measurements are carried out at a fixed electron b
energy and fixed frequency for a wide range of input pow
levels. Figure 10 shows the variation of normalized gain
wide range of input power levels. The frequency is fixed
13.0 GHz and the beam energy producing the peak gai
fixed at 8.6 kV. The beam has an axial velocity spread
0.04. The normalized gain is constant within the limits

FIG. 10. Experimental gain for varying input power levels.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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error for input microwave power levels from130 to 210
dBm. This in turn illustrates that the grating amplifier is o
erating in the linear regime.14

E. Comparison with theoretical predictions

The GRAting AMPlifier ~GRAMP!4,6 code is used to ob
tain the theoretical growth rate per period for backward wa
operation. This code is capable of solving the complex d
persion relation@D(v,k)# for the complex k (kr1 ik i),
wherekr gives the dispersion diagram andki gives the linear
growth rate for a sheet beam interaction. Since collec
space-charge-wave effects9 dominate the interaction for thi
device, asymptotic~Fourier! analysis is used in theGRAMP

code to calculate the growth rate per period. To compare
with the experimental results obtained with a pencil bea
the theoretical growth rate per period is multiplied by t
number of periods and a geometric filling factor.15

Figure 11 shows the comparison of experimental g
with theoretical predictions for corresponding beam sprea
The maximum value of the experimental single-pass g
corresponds closely to the theoretical value for both velo
spread cases. The theoretical result predicts that the am
of absorption is lower than the amount of gain, since
interacting beam-current density (Jb) depends on the beam
voltage (Vb). This dependence is given byJb* Area5P/Vb

3/2,
whereP50.25mpervs is the beam perveance for the expe
mental electron beam.

There are differences in the shape of the experime
gain curve when compared with the theory. It is noted t
the shape of the experimental gain curve is narrower than
theoretical prediction and the reasons for this are discus
in the next section. The gain portion of the experimen
curve lies within the theory curve, however, its peak matc
the theoretical prediction. The absorption portion of the
perimental curve, however, differs from theoretical pred
tions as follows. The maximum measured absorption is

FIG. 11. Theoretical comparison of single-pass gain for corresponding b
spreads.
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duced and the peak absorption occurs at a beam energy l
than theoretical predictions. The reason for this result is t
the beam-grating separation is subject to a small variatio
the beam energy is swept through the growth and absorp
regimes. Due to beam entrance optics effects, the be
grating separation increases approximately by 0.05 mm
the beam energy is lowered from 8.5 to 7 keV. This ener
dependent increase in the beam-grating separation is also
served in the experimental body current measurements
reduction in the grating-intercepted body current, for low
beam energies. Even though this variation is small in m
nitude, a slight increase in the beam-grating gap has a
stantial effect on the shape of absorption and growth cur
as is evident from the following theoretical comparison.

Figure 12 compares the experimental gain for a fr
tional velocity spread of 0.036 with theoretical predictio
for several beam-grating separations. Hereh is the distance
of separation of the electron-beam axis to the grating surf
and the experimental beam has a radius (r b) of 0.5 mm. It
shows that the peaks of the gain and absorption portion s
further away from the beam resonance point as the be
grating separation increases (h.r b) and shift towards the
beam resonance point as the beam-grating separation
creases (h,r b). This illustrates that the experimentally me
sured absorption peak shifted to a lower beam energy
cause the beam-grating separation for the absorption po
was slightly greater than that for the gain portion. The hyb
TExmn modes (m51,2,..., n50,1,2,...) inside the structur
are surface harmonic modes where the electromagnetic fi
are guided by the grating surface and the field strength
cays exponentially away from grating surface.4 Hence, larger
beam-grating spacing experiences reduced interaction.
the other hand a reduction in the amount of gain or abso
tion as the beam-grating spacing decreases occurs due
reduction in the total interacting beam current since the be
is shaved by the grating surface.

m
FIG. 12. Theoretical comparison of single-pass gain for different be
separations.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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To theoretically verify these explanations for the asy
metrical details in the gain-versus-beam-energy funct
about the beam-wave velocity synchronism point, the the
which previously assumed uniform beam-grating separa
at all beam energies was modified to account for this va
tion @h5function(Vb)#. The modified theory considers a lin
ear variation of beam-grating separation (h), with h50.55
mm at the absorption peak (Vb56.8 kV! andh50.5 mm at
the gain peak (Vb58.6 kV!. Figure 13 compares the exper
mental gain with the modified theory. The entire theoreti
curve, including the absorption portion, shows much be
agreement with the experimental curve than Fig. 11.

F. Increased interaction length by partial end
reflections

The shape of the theoretical gain curve in Fig. 11 for
0.036 beam spread case has a knee due to enhanced co
tive growth at a beam energy of 9.2 kV in addition to t
peak convective growth at 8.6 kV. As the axial veloc
spread increases the dominant absolute instability for
backward wave regime is transformed into enhanced con
tive growth and its magnitude decreases with increas
axial velocity spread, due to Landau damping. This is
served as a broadening of the theoretical gain shape
function of beam energy. However, this enhanced convec
growth is an asymptotic effect, and its presence may no
as pronounced for single-pass measurements, dependin
the length of the grating-beam interaction. Hence increas
the effective interaction length in the experimental syst
should increase the magnitude of the enhanced conve
growth. In an effort to observe this enhanced growth, par
end reflections were introduced to produce an effective
crease in the interaction length. Using partial reflections
sults in a low-Q multiple-pass system which cannot prod
spontaneous oscillation, but is similar to increasing
length of the interaction.

FIG. 13. Theoretical comparison of single-pass gain with modified the
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The schematic of the experimental multiple-pass sys
is shown in Fig. 14. The silicon carbide absorbers are
moved and partial reflectors are added to both ends. Pa
reflection is produced by covering the upper half of t
waveguide with a copper sheet, leaving the grating lined b
tom half of the waveguide open for electron beam inter
tion. The waveguide tee input coupler is replaced by a lo
coupler, to reduce the microwave power leaving the cav
through the tee and to avoid complex cavity effects. Hen
this multiple-pass has a lower input microwave coupli
than the previously discussed single-pass system.

The normalized experimental gain for multiple-pass o
eration is shown in Fig. 15 for two beam spreads. A ma
mum multiple-pass gain of 0.22 is achieved for a veloc
spread of 0.036 compared to 0.16 in the single-pass c
This shows the presence of modestly enhanced wave-b
interactions in the multiple-pass system.

Figure 16 shows the comparison between single-p
and multiple-pass experimental gain curves with asympt
theoretical predictions for a 0.036 velocity spread. To illu
trate the difference in the line shape of the gain curves
peaks are re-normalized. The multiple-pass and single-p
experimental curves are similar except for beam energie
the vicinity of the theoretically predicted enhanced conv
tive growth knee. In the 8.7 to 9.4 kV beam energy range
shape of the multiple-pass gain curve is significantly e
hanced in comparison to the single-pass curve. This sh
the added sensitivity of the increased interaction length in
multiple-pass system to the theoretically predicted enhan

.

FIG. 14. Multiple-pass backward wave grating amplifier setup.

FIG. 15. Experimental multiple-pass gain for two beam spreads.
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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convective growth, even though the experimental manife
tion is still smaller than the theoretical prediction.

III. GAIN FOR SEVERAL BEAM-GRATING
SEPARATIONS

The shape and position of the theoretical gain peak
be seen to vary for different beam-grating separations
shown in Fig. 12. This would manifest as similar function
effects in frequency space for an amplifier subjected to v
able input frequency with a fixed beam energy. Thus
bandwidth and gain can be varied by varying the bea
grating separation. To experimentally verify the shift in t
shape and position of gain peaks, and to explain the narr
ing of the experimental gain curves, single-pass gain m
surements were done for several beam-grating separatio

A. Effects of electron-beam current density
distribution

The electron-beam current density radial profile is
sumed to be uniform in the theory4 for calculating dispersion
and growth. But the experimental beam is measured to h
an approximate Gaussian distribution for the radial curr
density profile. To incorporate the effect of a nonunifor
current density profile, the beam is envisioned to be mad
several thin beamlets and the growth for these beamlets
evaluated separately. Figure 17 shows the gain for a b
~with diameter 1 mm! split into four beamlets. Let the cur
rent density of the outer~#1 and #4! beamlets beJext and that
of inner ~#2 and #3! beamlets beJint . To approximately
model a peaked~Gaussian! distribution, Jext is taken to be
less thanJint . The peak-gain contribution from a beaml
~#1! closer to the grating is closer to beam-wave veloc
synchronism, and the contribution from a beamlet~#4! away
from the grating is farther away from the beam-wave vel
ity synchronism. So as the radial current density profile fo
nonuniform beam becomes narrower, the magnitude
Jint /Jext increases. This results in a reduction in the g

FIG. 16. Comparison of peak normalized single and multiple pass ga
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contribution by the outer beamlets and an increase in
gain contribution from the inner beamlets. This produce
narrowing of the gain-versus-energy function from that p
dicted by a uniform beam model that uses the actual
beam radius for the model radius of the uniform bea
theory.

To model the effect of a more peaked current dens
distribution with theGRAMP code, the gain function of two
profiles are compared. Profile 1 is a beam with a model
ameter of 1 mm and a uniform current density (J1) of 25
A/cm2 at 10 kV beam energy. Profile 2 is a beam who
model diameter is reduced by 75%, and to keep the t
current in both beam profiles to be same, the value ofJ2 is
1.33J1. Both beams are positioned over the grating w
beam-grating separation (h) of 0.5 mm. The theoretical gain
for these two profiles are compared with the experimen
single-pass gain in Fig. 18. It is noticed that the current d
sity profile 2 with a narrower, more peaked distribution pr
duces a narrower gain function than the current density p
file 1, and is therefore tending to closer agreement with
experimental shape. A dramatically narrower theoretical g
function could be obtained with even narrower beamlets~see
Fig. 17!.

B. Experimental gain results for several beam-grating
separations

By slightly varying the beam-grating separation expe
mentally, the central portion of the electron beam whi
dominates the gain characteristics due to its increased cu
density could be moved closer to the grating’s surfa
waves. Single pass gain was measured at a fixed frequ
of 13 GHz for the following four beam-grating spacings. T
beam-grating separation (h) in case-A is equal to the beam
radius. Case-B is obtained by moving the beam closer to
grating with h less than the beam radius (h50.4 mm!, and
case-C moves the beam even closer to the grating (h50.3

. FIG. 17. Individual theoretical gain for the beamlets of a non-uniform bea
P license or copyright, see http://pop.aip.org/pop/copyright.jsp
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mm!. Case-D is obtained by moving the beam away fro
grating whereh is greater than the beam radius (h50.6 mm!.

The experimental gain curves for these four differe
cases are shown in Fig. 19. These results are for a fracti
axial velocity spread of 0.036. As expected, positioning
central portion of the electron beam closer to the grat
shifts the peak gain to a lower beam energy closer to
beam-wave velocity synchronism. The point of maximu
gain for case-B moves to a lower beam energy than cas
and the peak for case-C moves even lower, while for cas
the gain peak moves further away from the beam-wave
locity synchronism. These effects of beam-grating separa
on the gain function are in agreement with the theoret
predictions illustrated in Figs. 12 and 17.

We also note that the experimentally-observed ga
versus-energy function when the beam is moved clo

FIG. 18. Comparison of peak normalized single-pass gain for two ra
current density profiles.

FIG. 19. Experimental gain for several electron beam separations.
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~case-B! to the grating is broader than case-A. An explan
tion for this characteristic is that the strong interaction for t
slow-surface-wave is with the core of the electron beam. T
core of the electron beam has a lower current-density gr
ent and, hence, a flatter profile. The uniform-beam-pro
theoretical model more closely describes the interaction
case-B. This results in a broader gain shape and a cl
agreement with theory. Thus it is experimentally verified th
the electron-beam’s non-uniform radial density profile is t
major influence for the voltage narrowing of the gain fun
tion.

IV. SUMMARY

Experimental measurements of low-beam-energy gain
the rectangular waveguide grating Traveling Wave Tu
~TWT! amplifier have been described. The shape of the g
curve and physics of interaction between the microwa
fields and the electron beam have been presented for di
ent beam velocity spreads and several beam-grating sep
tions. A normalized single-pass maximum gain of 0.16 w
measured at 8.6 kV with a 0.036 velocity spread in the el
tron beam at the operating frequency of 13.0 GHz and
peak gain matches the theoretical prediction. The presenc
a region of enhanced convective growth is discussed
experimentally verified with increased effective interacti
length in a multiple-pass system. A nonuniform peak
~Gaussian! radial current density profile was shown to lead
a narrowing of the gain-versus-energy shape. Experime
gain curves for several beam-grating separations were
sented to explore the associated changes in the point of
gain in the gain curve and the narrowing of the gain sha
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