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SUMMARY 

The Accelerator Research Studies program at the Univeristy of Maryland, sponsored by 

the Department of Energy under contract number DEFG05-91ER40642, is currently in the 

third year of its three-year funding cycle. The program consists of the following three tasks: 

Task A: Study of the Transport and Longitudinal Compression of Intense, High-Brightness 

Beams; 

Task B: Study of High-Brightness Beam Generation in Pseudospark Devices; 

Task C: Study of a Gyroklystron High-Power Microwave Source .for Linear Colliders. 

In Task A, the major recent achievements are: 

1) halo observation and analysis in a mismatched beam with nonlinear space-charge for e 

(multiple- beam experiment); 

2) longitudinal expansion and compression of bunches with parabolic and retangular 

pulse shape; 

3) generation, for the first time, of single space-charge waves in the form of local pertur- 

bations in a space-charge dominated beam; 

4) study of spacecharge wave reflection .at the bunch ends and measurement of the “g- 

factor’’ for longitudinal perturbations; 

5) theoretical studies of the two-temperature thermal beam model and numerical calcula- 

tions of beam profiles and image effects (g-factor) for ellipsoidal bunched beams in a circular 

pipe; 
6) completion of book manuscript, “Theory and Design of Charged Particle Beams,” by 

M. Reiser, to be published in Wiley & Sons Series on Beam Physics and Accelerator Tech- 

nology in April/May 1994. 
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In Task B, th  major recent achievement e: 

1) measurement of the time-resolved energy spectrum of the electron beam produced by 

a low energy (25 to 50 keV) pseudospark including post-acceleration of the electron beam 

by a small induction module; 

2) successful operation of a pseudospark electron beam source in a 200-kV pulsed-power 

system and preliminary measurements of the emittance of the high-energy beam component. 

In Task C ,  the major recent achievements are: 

1) successful operation of a two-cavity gyroklystron experiment at 19.7 GHz, the second 

harmonic of the cyclotron frequency, with peak power of 31 MW and 28% efficiency - a 

historic first; 

2) improvement of the EGUN code to include the axial diamagnetic self field of the beam 

which, we expect, will provide better agreement between computer results and experiment; 

3) study of a “gyrotwystron” modification of the gyroklystron in which the output cavity 

is replaced by a traveling-wave section and which is expected to improve efficiency; 

4) completion of the design for a new electron gun with higher beam power (720 A, 500 

kV), and for operation with a coaxial circuit; the purchase order has been placed with Varian. 

.. 
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1. Introduction and Synopsis 

TASK A of this DOE grant is concerned with the transverse and longitudinal physics of 
space-charge dominated beams. Such beams are of fundamental importance for advanced 
accelerator applications such as the injector linacs for high-energy physics colliders, free 
electron lasers, high-power microwave generations, heavy ion inertial fusion, radioactive 
waste transmutation and spallation neutron sources using proton linacs with high average 
power. 

During the current 3-year contract period we have completed the transverse beam 
physics experiments and the first phase of the longitudinal beam physics studies. The 
transverse studies centered around the merging of a five-beamlet configuration in our 5-m 
long periodic solenoid channel conducted as a Ph.D. dissertation by David Kehne (Sect. 
3.4, [l]). It produced unexpected and exciting results that have given us new insight into 
the physics of space-charge dominated beams. Furthermore, these studies confirmed the 
predictions of theoretical models on emittance growth due to conversion of the free energy 
that exists if beams are not perfectly matched (both in an rms sense as well as in the density 
profile). An unexpected result was the observation in experiment and numerical simulation 
that part of the free mismatch energy is converted into a "halo". By tracing halo particles in 
the simulation back to their origin in phase space we were able to show that there is no clear 
correlation due to the stochastic nature of the collective (space-charge) forces in the beam. 
Further theoretical work would be desirable. 

Our main effort since 1992 concentrated on the experimental study of longitudinal beam 
physics using our gridded electron gun that was built in house. A Ph.D. dissertation by D. 
X. Wang on this topic was completed in September 1993 (Sec. 3.4, [2]). These 
experiments have produced considerably more and better results than we had originally 
expected. A key element in this success has been the cathode grid. By applying different 
voltage shapes we can produce parabolic or rectangular longitudinal current (line-charge) 
profiles. With the aid of an induction module these beams can be focused or compressed 
longitudinally. Furthennore, by adding a small localized perturbation to the flat-top current 
pulse via the grid we can generate space-charge waves and follow their propagation along 
the beam, including reflection from the pulse ends, in the 5-m long periodic solenoid 
channel. 



A 2  

The results of the various studies, some of which were completely unexpected, have 
been reported in several papers including one in Physical Review Letters (Sect. 3.3, [ 121). 
They can be summarized as follows: 

1. We demonstrated experimentally that an initially parabolic bunch retains its parabolic 
shape during longitudinal expansion and compression in agreement with the theoretical 
model. 

2. We showed that the experimental behavior of rectangular bunches is in agreement 
with computer simulation and results in energy spread at the edges ("edge erosion"). 

3. A scheme to reconstruct a rectangular bunch after the waves from the two edges 
meet in the center was successfully demonstrated. 

4. We generated, for the first time, single space-charge waves, rather than the usual 
pairs. Both fast and slow waves and combinations of both were produced by varying the 
conditions at the gridded cathode. These waves were analyzed in the time domain, and the 
conditions for single wave generation or wave mixing with varying amplitude were 
obtained from the theory. 

5. We observed, also for the first time, the reflection and transmission of space-charge 
waves at the edges of the beam pulse. A fast wave is reflected in part at the beam front as a 
slow wave; a slow wave is reflected in part as a fast wave at the rear edge. These 
observations are o€ fundamental importance for the physics of longitudinal instabilities in 
coasting and bunched beams. 

6. We measured the geometry factor g associated with longitudinal charge 
perturbations and instabilities. This measurement helps to clarify some of the existing 
confusion on the correct value and interpretation of the g-factor. 

7. The predictions of the smooth approximation theory for the radius of a space-charge 
dominated beam in a periodic solenoid channel were confirmed by experiments. 

Finally, there has also been significant progress in theoretical research on space-charge 
dominated beams. A two-temperature beam model (TI, T//) including the results of 
numerical calculations of the transverse and longitudinal beam profiles for different 
temperatures, was published in Phys. Rev. Lett. (Sect. 3.3, [16]). The effects of image 
forces on the longitudinal behavior of bunched beams were calculated and the results have 
been submitted to Part. Accel. (Sect. 3.3, [17]). The g-factor associated with such 
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bunched beams differs from the g-factor for perturbations in coasting beams. The 
theoretical results for g as a function of the buncheccenmcity and the ratio of bunch radius 
to tube radius were presented graphically and in a table. 

Lastly, the book manuscript “Theory and Design of Charged Particle Beams” was 
completed and submitted to Wiley & Sons and will be published in April/May 1994. The 
unifying thermodynamic model of beams presented in this book is based in large part on 
the productive years of research centered around the electron beam transport facility and 
supported by the Department of Energy grant under TASK A. 

2 Research Progress 

2.1 Evaluation of Halo Formation 

In our last series of experiments on the transverse beam physics conducted by David 
Kehne, we observed halo formation when the 5-beamlet configuration was deliberately 
mismatched before entering the channel (Sect. 3.4, [l]). Such mismatch generates free 
energy that can be thermalized thereby increasing the emittance (M. Reiser, J. Appl. Phys., 
70, 1919(1991)). We found in the computer simulation that most of this predicted 
emittance growth occurred due to the halo which is formed by a small fraction of the beam 
(- 15% in our experiment). The beam core behaves like the matched beam studied 
previously. 

We conducted new simulation studies (Sect. 3.3, [SI) of the mismatched beam case 
where we traced the halo particles back to their origin in the initial phase space. On first 
thought one would assume that these halo particles originate from the outer regions of the 
beam’s phase space where the initial energies are the highest. However, we found this to 
be true only for a fraction of the halo particles. There are also many particles in the initial 
beam core (having low transverse energies) which are ending up in the halo. We attribute 
this to the stochastic, nonlinear (chaotic) space-charge forces that result in particles being 
accelerated transversely and hence acquiring large amplitudes of their betatron oscillations. 

Halo formation is of great interest for advanced accelerator applications with space- 
charge dominated beams. We hope that this work will be continued in some form by our 
group and elsewhere. 
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2.2 Longitudinal Pulse Compression Experiments 

2.2.1 Summary of Results 

During the past two years the main emphasis of our research program has shifted from 
the transverse to the longitudinal physics experiments. The main goals of the longitudinal 
beam physics experiments were to study the longitudinal beam energy spread due to 
drifting and compressing of a bunched beam, and due to coupling and non-linearity of 
transverse focusing, to verify the longitudinal envelope equation for the motion of a 
parabolic bunch, to achieve current amplification and pulse-length shortening of a 
compressed rectangular bunch, and to explore new mechanism for accelerating and 
transporting high current beams. All these topics concern fundamental longitudinal beam 
physics and have direct applications to high energy particle accelerators, high current 
accelerators for heavy ion inertial fusion, high power microwaves and free electron lasers, 
etc. All these goals have been achieved with our experiments during this period; in 
addition we have been able to do some theoretical analysis, and some simulations. 

The experiments were conducted with our short-pulse electron beam injector followed 
by a 5-meter long periodic solenoid focusing channel as shown in Fig. 1. The electron 
beam injector consisted of a variable perveance gridded electron gun to produce beams in 
wide parameter ranges, an induction acceleration module to impart a time-dependent 
energy tilt to the beams, and three matching lenses to match the beams into the long 
channel. The transport channel was comprised of 36 short focusing solenoids with a 
period length of 13.6 cm, four diagnostic chambers housing beam energy analyzers and 
beam image identifiers, and five fast wall-current monitors. 

Injector Periodic Solenoid Focusing Channel 

Induction 
Module 

DiagnOStiC 
Chamber 

D 

Fast Beam 1 ZEiEi 
C 

Fig. 1. Experimental configuration. 

Deflecting // 
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The main accomplishments of the experiments are as follows: 

We have, for the first time, experimentally verified the theory on longitudinal 
dynamics of a space-charge dominated parabolic bunch, including the linear self-force 
along the bunch, conservation of the parabolic profile, longitudinal envelope equation, etc. 
Two papers on this experiment have been published in Appl. Phys. Lett. (Sect. 3.3, [2,3]). 

The experiment on longitudinal compression of a space-charge dominated rectangular 
bunch was performed. The energy tilt on beam edges due to the strong space-charge force 
was measured and compared with theory. The expected current amplification due to the 
compression was achieved. Good agreement between the experiment and theory was 
found. A paper describing the findings from this experiment has been accepted for 
publication in IL Nuovo Gimento (Sect. 3.3, [ 1 I]). 

Reconstruction of a rectangular beam pulse through the principle of reversibility of 
the fluid equations was experimentally demonstrated. This has theoretical importance in 
fluid dynamics and possibly practical importance in new acceleration scheme of high 
current beams. A paper summarizing this experiment will be submitted for publication. 

The longitudinal energy spread of beams due to the coupling from the transverse 
motion was measured and compared with simulation. A paper on this topic was presented 
in the 1993 PAC and was very well received from the participants (Sect. 3.3, [7]). This 
preliminary result suggests a need to systematically study the longitudinal beam energy 
spread due to focusing, coupling, nonlinearity, instability, and collision, etc. 

2.2.2 Longitudinal Dynamics of Parabolic Beams 

A parabolic bunch is represented by its line charge density distribution 

where z is the distance from the center of the beam bunch, 2&(s) is the length of the 
bunch at a longitudinal distance s traveled by the beam bunch center, and Ap(s) is the peak 
line charge density at s. The motion of such a bunch, i.e. drifting expansion due to 
longitudinal self-force or compression under an external longitudinal linear force, is 
governed by the longitudinal envelope equation 
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where the prime symbol refers to differentiation with respect to s, 2% and I,(O) are the 
initial beam pulse length and peak current, respectively, 10=1.7xl@ amperes is the 
characteristic current for electrons, p=v& with vo being the velocity of the bunch center, g 
is the geometry factor, and EL is the beam longitudinal emittance. This self-consistent 
theory predicts that the parabolic shape of such a bunch is preserved during the motion, 
and that the longitudinal space-charge electrical field is linear. There had been no 
experiments to verify the theory before. 

The experiment was performed with a parabolic bunch produced by modulating the 
grid-cathode pulse shape of the electron gun, as shown in Fig. 2. The initial velocity tilt 
was made by the induction module. Typical beam parameters were energy of 2.5 keV, 
initial peak current of 30 mA, and initial full pulse width of 25 ns. 

! 

Fig. 2. Grid-cathode pulse to produce parabolic bunch. 

Figure 3 shows the velocity distribution of particles along an expanding parabolic 
bunch, as measured by an energy analyzer at s=3.746 m from the gun. This linear 
dependence proved that there was a linear self-force along the bunch. 

Figure 4 shows the current profiles of an expanding parabolic bunch at five different 
locations along the channel. It is evident that the parabolic shape of the bunch was 
conserved during the motion. Figure 5 shows another case where the bunch was 
compressed. 
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Fig. 3. Velocity distribution of an expanding parabolic bunch. 
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Fig. 4. Current profiles of parabolic bunch during drifting expansion. 
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Fig. 5. Current profiles of parabolic bunch during longitudinal compression. 

Detailed analysis of the drifting expansion and longitudinal compression yielded the 
results shown in Fig. 6, where the bunch length versus the channel distance is plotted and 
the prediction by the longitudinal envelope equation is given by the solid lines. Good 
agreement between the theory and experiment was found. 

1.5- 

1 .o - 

0 .5  - 

0 . 0  -I 
I I I I I 

0 1 2 3 4 5 

Drift Distance s (m) 

Fig. 6. Beam bunch length vs. channel distance during expansion and compression. 
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It was found in the experiment that the longitudinal dynamics was insensitive to 
transverse mismatch. Figure 7 shows the bunch length versus the channel distance for two 
different transverse focusing strengths, as defined by the phase advance of the betatron 
oscillation without space charge, 00. Here the solid lines are from the theory. This was 
also confirmed by I. Haber's simulation which was presented at the 1993 PAC conference. 

I 

3 0.7 n 

p 0.6 

2 0.5 

..I 
.c) m 

Oo=4O0 
g=3.7 - 0 . 4 4  

I I I I I I I 
0 1 2 3 4 5 

Distance from Gap (m) 
6 

Fig. 7. Compression of parabolic bunch with different transverse focusing. 

2.2.3 Longitudinal Dynamics of Rectangular Beams 

The longitudinal electric field inside a beam due to its space charge is approximately 
proportional to the line charge density variation along the beam, given by 

Thus, this field does not exist within the flat region of a rectangular bunch since there is no 
line-charge density variation there, but it is very strong on the bunch edges. This causes 
the edge erosion of rectangular bunches during drifting expansion, and difficulties for 
compression. For a space-charge dominated rectangular bunch, the longitudinal dynamics 
can be described by the one-dimensional fluid equations 

aA av [%- az aZ + v - +A - = 0 

aA eg 
5 a Z  my 47ceom y 

av  e 

(4) 
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The equations can be solved by the method of characteristics to yield the density and 
velocity distributions along the bunch for free expansion. 

The experiment on the longitudinal expansion and compression of rectangular beams 
was performed on the same setup as that in Fig. 1. The rectangular bunch was produced 
by the grid-cathode pulse which had a rising time of less than 1 ns and a falling time of less 
than 3 ns. Typical beam parameters in the experiment were beam energy of 2.5 keV, beam 
current of about 36 mA, and pulse duration of 10-50 ns. 

Figures 8 and 9 show the current profiles and velocity distributions of such a drift- 
expanding rectangular bunch, respectively. The experimental data were compared with the 
theory and simulation using an 1-D Particle In Cell (PIC) code. The top curves in the 
figures are typical current and velocity profiles, respectively, in the so-called simple wave 
region showing the edge erosion while the center region remains unperturbed. When the 
waves meet at the beam center, the beam velocity distribution along the bunch is linear and 
the density or current profile has a cusp shape where the peak current remains unchanged, 
as shown by the middle curves in the figures. The bottom curves in the figures show the 
current and velocity profiles in the so-called non-simple wave region, where the waves 
overlap in the center region and the peak current is significantly reduced. 
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Fig. 8. Current profiles of expanding rectangular bunch at different locations, where 
the dashed curve represents the initial current profile, the circles experiment, the triangles 
simulation, and the solid curves theory. 
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Fig. 9. Velocity distributions of expanding rectangular bunch, where the circles 
represent experiment, the triangles simulation, and the solid curves theory. 

By using the time-varying acceleration voltage of the induction gap, a velocity gradient 
was imparted to the beam and caused the longitudinal compression. The measured current 
profiles of the compressing bunch are shown in Fig. 10. The peak current increased to 
nearly 5 times the initial one as the bunch length shortened slightly while the leading and 
falling edges spread out due to the space-charge forces. 
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Fig. 10. Current profiles of compressing bunch at five different locations. 

2.2-4 Reconstruction of Rectangular Bunches 

Another experiment on longitudinal compression of rectangular bunches, namely the 
reconstruction of rectangular bunches, deserves a separate section in this progress report. 
As we know, the high-current induction accelerators usually employ rectangular beam 
profiles because of the efficiency consideration. The drawback with such current profiles 
is the rapid edge erosion during acceleration and transport, as seen from the previous 
section. The conventional remedy for this problem is to use auxiliary acceleration gaps to 
produce the so-called “ear field’ and to hold the beam edges short. This approach 
complicates the acceleration structure considerably. 

According to the fluid equations (4), a reverse process does exist, i.e. the solution of 
the fluid equations is invariant with a change of the signs of both the velocity and density. 
An initial rectangular beam current profile will become cusp shaped at some point where the 
velocity distribution along the bunch is linear as illustrated in Figs. 8 and 9. At this very 
point, if an external force can be imparted to the bunch so that the total velocity distribution 
is still linear but with opposite slope, this cusp shaped current profile will become a 
rectangular one again somewhere downstream. We call this process a reconstruction of 
rectangular bunches. In principle, this method could provide a new mechanism for high 
current acceleration. 
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We performed an experiment to verify the principle of reconstruction of rectangular 
bunches. The experimental setup was the same-as that in Fig. 1. The initial rectangular 
bunch started from the gun. It should become a cusp shape at the induction module where 
an external linear force could be applied. It should return to a rectangular bunch again 
somewhere downstream to be detected by one of our current monitors. It was not an easy 
task to fulfill these requirements with an existing facility. We had to play with the beam 
parameters carefully, which were a beam energy of 300 V, a beam current of 5 mA, and an 
initial pulse duration of 7 ns. 

Figure 11 shows such a pulse during drifting expansion, i. e. without an induction 
acceleration voltage. The initial rectangular pulse in the gun was represented by the dashed 
line. The following triangular pulse was measured by the first current monitor. The third 
signal was measured by the second current monitor. Though it was merged with noise, its 
width was consistent with the theoretical prediction. Figure 12 shows a reconstruction 
process where the only experimental difference from that in Fig. 11 was that the induction 
acceleration module was turned on and an linear velocity tilt was imparted to the bunch. 
The five wall-current monitor signals along the channel show clearly that the reconstruction 
took place around the second current monitor. 
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Fig. 11. Free expansion of a rectangular bunch. 
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Fig. 12. Reconstruction of a rectangular bunch. 
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2.3 Experiments on Space-Charge Waves 

2.3.1 Summary of Results 

The experiments on space-charge waves represent the first phase of the longitudinal 
instability experiment that is jointly funded by this grant and the Heavy Ion Inertial Fusion 
Office of the Department of Energy. The purpose of this initial instability study was 
threefold: to experimentally generate space-charge waves in the form of localized 
perturbations, which should be more suitable for the instability experiment than traditional 
sinusoidal waves; to measure the propagation of such perturbations on coasting beams in 
order to compare with the existing theory and to check our experimental facilities and 
diagnostics; to investigate the edge effect of bunched beams on space-charge waves which 
was unknown and is critical to the longitudinal instability analysis. 

The experiments were performed on the same setup as that for the longitudinal 
compression experiments. The electron beams were generated by the gridded electron gun 
and were matched to the 5-meter long periodic solenoid focusing channel. The initial 
perturbation was introduced to the beams by modulating the grid-cathode pulse with a 
small bump as shown in Fig. 13. This corresponded to a localized velocity perturbation, 
which in turn produced the initial density and current perturbations. The space-charge 
waves were then generated by such localized perturbations and propagated along the beam 
in the periodic channel where they were diagnosed by the fast wall-current monitors and 
beam energy analyzers. 

Fig. 13. Grid-cathode voltage wave form with a perturbation bump in the gun (10 
ns/div. horizontally, relative scale vertically). 



A 15 

The experiments have produced rather unexpected and exciting results which gave us 
new insight into the fundamental beam physics of space-charge dominated beams. In 
brief, the highlights of our accomplishments are as follows: 

A new experimental discovery that a single space-charge wave, or a pair of space- 
charge waves with different amplitudes and polarity relations can be generated. The 
results were published in Phys. Rev. Lett. (Sect. 3.3, [ 121). 

The measurement of the propagation of space-charge waves on a coasting space- 
charge dominated beam. A paper summarizing the results was presented in the 1993 
International Symposium on Heavy Ion Inertial Fusion at Frascati, Rome, and will be 
published in IL Nuovo Cimento A (Sect. 3.3, [lo]). 

A novel method to measure the geometry factor g of a space-charge dominated 
coasting electron beam in a periodic solenoid focusing channel and to experimentally verify 
the formula for the g-factor. A paper summarizing the results has been submitted for 
publication to Phys. Rev. Lett. (Sect. 3.3, [13]). 

The observation, for the first time in experiments, of transmission and reflection of 
space-charge waves on beam edges. The experimental results will be submitted for 
publication. 

2.3.2 Generation of Space-Charge Waves 

Typical beam parameters in this experiment were 50 ns in pulse duration, 40 mA to 70 
mA in current and 2.5 keV in energy. The gridded electron gun in the experiment was used 
as a current modulating device in contrast to velocity modulating devices such as a 
klystron. The relative strength of the initial current, or density perturbation over the given 
velocity perturbation could vary over a wide range, depending on the operating conditions 
of the gun. Thus, the space-charge waves could be generated in various ways. 

Figure 14 shows the beam current wave forms measured at two different locations 
along the transport channel. The slow and fast waves appearing in the beam current wave 
forms, were generated in almost equal amplitudes and opposite polarities. The evolution of 
the wave forms along the channel showed that the two space-charge waves propagated 
apart from each other. 
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25ns/di v 

Fig. 14. Beam current wave forms with perturbations measured at the channel 
distances of 24.624 m and z=3.48 m, respectively. 

Figure 15 shows two beam current wave forms taken at the same location as that in 
Fig. 14, but with different initial perturbation conditions. Only one fast wave with a 
positive polarity (current increase) was generated on the electron beam current, which 
propagated toward the beam front. By contrast, Fig. 16 shows the beam current wave 
forms with only one slow wave, which had a negative polarity (current decrease) and 
propagated toward the beam tail. 

2 5 n d d i v  

Fig. 15. Beam current wave forms with only one fast wave. 



A 17 

25ns/div 

Fig. 16. Beam current wave forms with only one slow wave. 

Figure 17 shows the space-charge wave signals from a beam energy analyzer, where 
the beam particles with an energy above the average beam energy passed through the 
energy analyzer and formed the bumps on the oscilloscope traces. On the top trace, only 
one fast velocity wave appeared, corresponding to the case in Fig. 15, while on the bottom 
trace only one slow wave appeared, corresponding to the case in Fig. 16. On the fourth 
trace, two velocity waves with almost equal amplitude and the same polarity appeared, 
similar to the case in Fig. 14. Other traces showed that one velocity wave dominated over 
another. 

5ns/aiv 

Fig. 17. Velocity waves measured at z=3.75 m showing transition from a single fast 
wave to a single slow wave. 
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In order to interpret the experimental observations, the cold fluid model was employed. 
The solution for generating space-charge waves was solved in the time domain for a 
localized perturbation instead of in the frequency domain for a sinusoidal wave, as is 
usually done in the literature. The specific solutions under the given initial and boundary 
conditions were obtained instead of eigenmode solutions from dispersion equations. The 
results for the perturbed beam velocity, density, and current are given below 

Here c s = ( e g ~ 4 ~ m f ) 1 ”  is the velocity of space-charge waves in the beam h e ,  h(t) is 
the wave form of the initial perturbation and has unit amplitude, 6vo and qio are the initial 
velocity and current perturbation strength, respectively. It is easily seen that the condition 
for generating only one fast wave is 

71 v O  - = 1 + ,  
6 s ,  

while the condition for producing only one slow wave is 

The beam velocity vo is usually much larger than the wave velocity cs. These two 
conditions require a rather larger, relative initial current change for a given velocity 
perturbation. The ratio v& is given by the relation 
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where IC, the generalized beam perveance, is a measure for the effects of space charge in a 
beam. A beam with a large perveance K yields asmall value of vdc,, thereby reducing the 
required value of lq/61 in a practical device. Thus Eqs. (6) and (7) can be more easily 
satisfied in a space-charge dominated beam. 

Figure 18 shows the relative amplitude of the velocity waves, i.e. the ratio of the 
velocity wave amplitude over the initial perturbation amplitude 6v0, versus the quantity q/6 
for cJvO=O.l. It is only at the point A where q/6=1, and hence the initial density 
perturbation is zero, that the two velocity waves have the same polarity and the same 
relative amplitude of 1/2. Elsewhere, the two velocity waves have different amplitudes, 
even different polarity when q/6< 1 -vo/c, or q/& 1 +v&. The slow wave vanishes 
completely at q/6=l+v&=l17 while the fast wave vanishes at q/6=l-vdcS= -9. Similar 
plots can be made for the density and current waves according to Eqs. (5a, and 5c). 

I 1 1 I I 
-10 -5 0 5 10 

r1/6 
Fig. 18. Relative velocity wave amplitude vs. initial perturbation parameters q/6. 

2.3.3 Determination of the Geometry Factor 

The geometry factor g is an important parameter in longitudinal beam dynamics, which 
relates the longitudinal electric field associated with a perturbation in a beam with the line 
charge density variation. Under the long-wavelength limit this relationship can be 
expressed in the form 
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where Al(z,t) is the perturbed line charge density. For a round, intense coasting beam of 
radius a in a pipe of radius b the g-factor can be represented by the formula 

where r is the radial position within the beam. The g-factor, as well as the field EZ, is a 
maximum with a=l on the axis, and reduces parabolically to a minimum with a=O on the 
beam edge. Averaging the field over the beam cross section yields a=0.5. There is some 
confusion in the literature as to what value of a (1, 0.5, 0, etc.) should be used for the 
longitudinal stability analysis. 

We used a novel method to determine the g-factor of a space-charge dominated coasting 
electron beam in our periodic solenoid focusing channel by measuring the propagation 
velocity of space-charge waves in the form of localized perturbations. At the same time, 
the beam radius a was independently measured by a phosphor screen plus CCD camera 
technique. That led to an experimental determination of the formula for the geometry factor 

g. 

Typical beam parameters in this experiment were beam energy of 5 keV, beam current 
of 50 mA to 70 mA, transverse emittance of about 90 mrad, and pulse length of 70 ns 
which was long enough to produce a coasting beam for the propagation of space-charge 
waves in the central region of the beam pulse. The phase advances 00 without space 
charge varied between 450 and 900. With these parameters the phase advance (r with space 
charge was in the range of 0.200 to 0.300, which implied that the beam was space-charge 
dominated. 

Figure 19 shows the beam current signals at three different locations along the channel. 
The time interval between two space-charge waves was related to the traveling distance z 

by 

The velocity csof the space-charge waves in the beam frame was determined by the 
longitudinal force and was theoretically related to the geometry factor g by 
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Figure 20 plots the time interval of the two space-charge waves as a function of the channel 
distance for two different phase advances 00. A least-square fitting of the experimental 
data yielded At/z, and hence the wave velocity cs according to Eq. (1 1); using this value of 
cs one could determine the geometry factor g from Eq. (12). 

Fig. 19. Beam current wave forms with perturbations. 

0 4 , , , , , , , , , , , , , , , , , ;., , , , , , 
0 1 2 3 4 5 

Distance (m) 
6 

Fig. 20. Time interval between two space-charge waves vs. drifting distance. The 
solid lines%e least-square fitting of the experimental data. 
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The beam radius a was measured by the phosphor screen plus CCD camera technique. 
A typical beam image and its profiie is shown in Fig. 21, indicating a relatively flat-topped, 
uniform density distribution across the beam, which was consistent with a space-charge 
dominated beam. The radius of this image was measured by its FWHM (Full Width at 
Half Maximum). Due to the periodic focusing, the beam performed envelope oscillations 
under matched conditions. The measured matched beam envelopes in the last two periods 
of the channel for two different phase advances 00 are shown in Fig. 22. The average 
beam radii were obtained from these experimental data. 

Fig. 21. Typical beam image and its profile. 
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Fig. 22. Measured beam envelope in the last two periods of the channel. 
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Using the two experimental results for the g-factor and the beam radius a, we plotted 
the g-factor against the corresponding beam radius in the form of Zn(bla) for different 
experimental conditions as shown in Fig. 23. A least square fitting of these data yielded 
the relation of the g-factor as a function of the beam radius a, suggesting the correct 
formula for the g-factor is g=2Zn(bla), i.e. a&. 

4 
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1 
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In (b/a) 
Fig. 23. The measured g-factor vs. En(bla), where the solid line represents g=2 ln(b1a). 

The theoretical formula (10) for the geometry factor g was derived with the axially 
confined flow model. All the perturbed quantities varied as ei(at-h), including the beam 
volume density p, but the beam radius a was assumed to be a constant. This corresponds 
to either an emittance dominated beam where space charge has no effect on the beam radius 
or an infinitely strong magnetic field. In practice the magnetic field that confines the beam 
is always finite. For a space-charge dominated beam the equilibrium beam radius is 
determined by the magnetic field strength, beam current and energy. When a perturbation 
to the beam current or velocity is induced, the beam envelope, i.e. radius, will inevitably be 
changed. 

Using a new assumption of a constant beam volume density p, the beam radius a 
should change with a perturbation as a function of z according to 

p=--  -const. 
7ra 

With the assumption (13) instead of a=const, we derived a new formula for the g-factor. 
Though the algebra was somewhat tedious, the result was rather simple and given by 
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(14) 
b g=21n 

Equations (9) and (14) show that the longitudinal electric field inside of the beam is a 
constant, i.e. independent of the radial position. This agrees with our experimental result. 

From our experiment and the theoretical analysis we conclude that the value of the g- 
factor depends on the relative strength of the space-charge and emittance terms with regard 
to the beam radius. When space charge dominates over emittance, Eq. (14) applies, as was 
verified by our experiments. When emittance dominates (as in high-energy circular 
machines), the radius remains unaffected by space charge and one should use the average 
value from (10) 

Between these two limits, where both space charge and emittance affect the beam radius, g 
should have values between the two extremes (corresponding to Olal0.5). This is 
explained in the forthcoming book (see Reference Section 3.5). 

This experiment also provided the data to verify the smooth approximation theory of 
intense beams in a periodic focusing channel. Good agreement was found. The results are 
shown in Figs. 24 and 25. A paper entitled “Experimental Verification of the Smooth 
Approximation Theory for a Space-Charge Dominated Beam in a Periodic Focusing 
Channel” summarizes this analysis and will be submitted to Appl. Phys. Lett. for 
publication. 

7 
0 .0  0 .5  1 . o  1 . 5  2 . 0  2 . 5  3 . 0  

1 140 
Fig. 24. Average beam radius R vs. 1/40, where the solid line is from the smooth 

approximation theory. 
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Fig. 25. FVRmax vs. 00, where the solid line is from the smooth approximation theory. 

2.3.4 Edge Effect of Bunched Beams on Space-Charge Waves 

The edge effect of bunched beams on space-charge waves is an important issue in 
longitudinal instability analysis. It is essential to know what happens when a perturbation 
reaches the beam edge in order to assess the overall growth of the instability in an 
accelerator. There was no theoretical prediction, experimental investigation, or even 
computer simulation when we proposed this experiment as the first step of our resistive- 
wall instability study. 

The experiment on the edge effect was successful and the original goal was achieved 
during the past year. Now we can confidently conclude that both transmission and 
reflection should occur when a perturbation reaches a beam edge. The transmitted wave 
continues to move on the beam edge and eventually damps out. The reflected wave will 
move back towards the beam center and change from fast wave to slow wave or vice versa. 

The experimental configuration was the same as that far the generation and propagation 
of space-charge waves described in the last two sections. The only difference was that the 
initial perturbation was placed very close to the beam front edge or falling edge. Typical 
beam parameters were energy of 5 keV or 2.5 keV, current of about 60 mA or 40 mA, and 
pulse length of about 30 ns. 

Figure 26 shows such a measurement. The top trace is the current wave form without 
perturbation measured by the fiist current monitor, the middle trace is the current wave 
form with a perturbation on it. The bottom trace is the difference between these two current 
wave forms and hence represents the net perturbation signal which is a single fast wave that 
did not reach the beam edge yet. 
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Figure 27 shows the same signals measured by the second current monitor 
downstream. The fast wave hit the beam front edge and split in two: one wave was 
transmitted down the edge and the other was reflected back. At the third current monitor 
further downstream, these two waves were separated further from each other as shown in 
Fig. 28. 

f@!!s!di?_ __ 

Fig. 26. A single fast wave before reaching the beam front edge. 

Fig. 
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27. Transmission and reflection as measured at z=2.39 m. 
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Fig. 28. Transmission and reflection as measured at z=3.48 m. 

A test at the beam falling edge was also performed in a similar way, but with two 
space-charge waves generated. Figure 29 shows the time interval between the transmitted 
slow wave and the original fast wave, and the time interval between the reflected fast wave 
and the original fast wave. 
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Fig. 29. Time interval between transmitted slow wave and original fast wave, and 
between reflected slow wave and original fast wave. 
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Although the experiment was successful, more questions remain to be answered. 
What is the ratio of reflection over transmission? What is the dependence on the rise time 
or falling time of the beam edges? What is the speed of the transmitted wave on the beam 
edge? Detailed analysis is underway. 

l 

2.4 Experiments on Longitudinal Beam Energy Spread 

Work was completed on the energy spread due to focusing in a periodic channel. We 
made measurements of longitudinal kinetic energy spread after transport through our 
periodic channel, and found energy spread of roughly the same proportion as in large 
accelerators (about 1% of the beam energy). These results are dependent on the focusing 
strength and the degree of beam mismatch in the channel, and are two orders of magnitude 
larger than the initial thermal energy spread. Numerical simulations showed that these 
measurements can be explained by the transfers of kinetic energy between the transverse 
and longitudinal directions as the individual particles within the beam move through the 
lens magnetic fields. The results were presented in the paper "Longitudinal Kinetic Energy 
Spread from Focusing in Charged Particle Beams" at PAC 93 (Sect. 3.3, [7]). 

In order to isolate and measure this and other sources of energy spread, we have 
completed the construction of a new short channel (two lenses and a diagnostic chamber) 
which is connected to the long pulse injector. This set-up is shown in Fig. 30. The gun 
and channel are currently at a pressure of about 5x10-8 Torr, and the gun is activated. The 
20OmA, 5keV beam is focused through the two lenses for measurements on the density 
profile, beam radius and energy spread. A phosphor screen for measurements of the 
density profile and radius is now in place, and initial measurements have been made. The 
phosphor screen is on the end of a support which can be fed all the way through both 
lenses in order to observe the beam evolution. When these measurements are complete, an 
energy analyzer will be used in place of the phosphor screen. 

The computer simulation which was used for the results presented at PAC 93 has been 
improved to include the effects of emittance on the envelope size and density profile, while 
maintaining the ability to track individual particles with lens nonlinearities in the 
nonuniform density profile. Though our previous approximation of an envelope size and 
density profile that are not significantly affected by emittance was shown to be good, we 
can now determine both the spread and distribution in the transverse and longitudinal 
velocities as the beam evolves through the lenses. We can also find how these distributions 
vary with position within the beam. When we have completed energy spread 
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measurements we will compare the numerical and experimental results for a range of beam 
and channel parameters in order to isolate sources of energy spread in the experiment. 

gate valve 

Electron Gun 

Beam 
Mask 

I I I I I I I 
I I I I I I :- U c m )  

10 20 30 
Fig, 30. Schematic of beam energy measurement. 

2.5 Theoretical Studies 

Our experimental research on the physics of space-charge dominated beam has always 
been motivated and supported by theoretical work. Past studies on free energy and 
emittance growth, in particular the multiple-beam experiments, have generated a strong 
interest in developing a general, unifying thermodynamic model of beams. This interest led 
to the concept of a two-temperature Maxwell-Boltzmann distribution as the most 
appropriate description of a beam. In a paper recently published in Phys. Rev. Lett. (Sect. 
3.3, [ 16]), we calculated numerically the transverse and longitudinal density profiles for 
such a distribution. We improved on an earlier work by John Lawson for the transverse 
distribution, and determined (for the first time) the longitudinal line charge distribution of 
bunched beams with space charge. The theoretical results and physics parameters (Debye 
length, etc.) were related to experimental parameters such as emittance and beam 
perveance. This is an important help to accelerator designers since they will obtain 
information on the shape of a beam profile, i.e. whether it will be sharp-edged, as in the 
space-charge dominated regime, or have a Gaussian tail, as in the emittance dominated 
cases. 
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A second theoretical study with Graduate Research Assistants Nathan Brown 
(supported by our DOE grant) and Chris Allen (who is supported by an ONR contract), we 
calculated the effects of image fields on bunched beams (Sect. 3.3, [ 171). The transverse 
image effects for continuous beams had been calculated long ago by Laslett and are well 
known in high-energy accelerator physics as the "Laslett tune shift". However, the image 
effects for bunched beams have so far not been investigated systematically. Our study, 
therefore, closes an important gap in the understanding of the physics of bunched beams 
with space charge. We calculated the so-called g-factor that represents the effects of the 
image forces on the longitudinal self-fields of the beam for different bunch eccentricities 
and ratios of beam radius to tube radius. These results differ from the g-factors associated 
with space-charge waves in continuous beams which are responsible for the longitudinal 
instabilities and which we investigated in the experiments discussed in Section 2.3.3. 

Lastly, a considerable effort was devoted to the completion of the book, Theory and 
Design of Charged Particle Beams," by M. Reiser. The book will be published by Wiley 
& Sons ( in the Accelerator Technology and Beam Physics Series) in April/May of 1994. 
The results of our work on space-charge dominated beams and the thermodynamic 
description of beams are a major theme in this book. 

3. Papers and Presentations Resulting from this Research 

(This serves also as a reference list for the progress report) 

3.1 Invited talks 

1. M. Reiser, "High-Intensity Beams: Stability and Halo Formation", Workshop on 
Accelerators for Future Spallation Neutron Sources, February 15-21, 1993, Santa 
Fe, N.M. 

2. M. Reiser, "Simulation of Heavy Ion Beam Dynamics with Electrons", International 
Symposium on Heavy Ion Inertial Fusion, May 25-28, 1993, Frascati, Italy. 

3.2 Contributed Presentations 

1. N. Brown, M. Reiser, D. Kehne, D. X. Wang, and J. G. Wang, "Longitudinal 
Kinetic Energy Spread from Focusing in Charged Particle Beams", presented at 
the 1993 Particle Accelerator Conference, Washington, D. C., May 17-20, 1993. 
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2. D. Kehne, M. Reiser, H. Rudd, "Numerical and Experimental Studies of Halo 
Formation due to Mismatch in a Space-Charge Dominated Electron Beam", ibid. 

3. J. G. Wang, D. X. Wang, D. Kehne, and M. Reiser, "Generation of Space-Charge 
Waves due to Localized Perturbations ", ibid. 

4. D. X. Wang, J. G. Wang, D. Kehne, M. Reiser, and I. Haber, "Experimental 
Study of Longitudinal Dynamics of Space-Charge Dominated Parabolic 
Bunches", ibid. 

5. I. Haber, D. Callahan, A. B. Langdon, M. Reiser, D. X. Wang, and J. G. Wang, 
"Computer Simulation of the Maryland Transport Experiment", ibid. 

6. J. G. Wang, D. X. Wang, D. Kehne, M. Reiser, and H. Suk, "Studies of Space- 
Charge Waves due to Localized Perturbations in an Electron Beam", presented at 
the International Symposium on Heavy Ion Inertial Fusion, May 25-28, 1993, 
Frascati, Italy. 

7. D. X. Wang, J. G. Wang, D. Kehne, M. Reiser, and I. Haber, "Longitudinal 
Expansion and Compression of Electron Bunches with Rectangular Line Charge 
Profiles", ibid. 

8. J. G. Wang, D. X. Wang, M. Reiser, and H. Suk, "Experiments on Space-Charge 
Waves due to Localized Perturbations in a Space-Charge Dominated Electron 
Bunch", presented at the 35th Annual Meeting, APS Division of Plasma Physics, 
St. Louis, MO., 1-5 November 1993. 

9. J. G. Wang, M. Reiser, H. Suk, and D. X. Wang, "Study of Space-Charge Waves 
due to Localized Perturbations in a Space-Charge Dominated Beam", submitted to 
the 1994 Beams Conference, San Diego, CA, June 20-24, 1994. 

3.3 Articles in Refereed Journals and Conference Proceedings 

1. J. C. Wang, D. X. Wang, and M. Reiser, "Electron Beam Injector for Longitudinal 
Beam Physics Experiments", Nucl. Instr. 8z Meth. in Phys. Res. A 316, pp. 

2. J. G. Wang, D. X. Wang, and M. Reiser, "Longitudinal Expansion of Space- 
Charge Dominated Drifting Beam Bunches with a Parabolic Line Charge Density 

112-122, 1992. 

Distribution", Appl. Phys. Lett., 62(6), pp. 645-647, 8 Feb. 1993. 
"3. D. X. Wang, J. G. Wang, D. Kehne, and M. Reiser, "Experimental Verification of 

a Longitudinal Beam-Envelope Model for a Space-Charge Dominated Parabolic 
Bunch", Appl. Phys. Lett., 62(25), pp. 3232-3234,21 June 1993. 
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4. J. G. Wang and M. Reiser, "Longitudinal Instability of Space-Charge Dominated 
Beams in Transport Channels with Complex Wall Impedances", Physics Fluids 
B, 5(7), July 1993. 

5. D. X. Wang, J. G. Wang, D. Kehne, M. Reiser, and I. Haber, "Experimental 
Study of Longitudinal Dynamics of Space-Charge Dominated Parabolic 
Bunches", to be published in the Proceedings of the 1993 Particle Accelerator 
Conference, Washington, D. C., May 17-20, 1993. 

6. J. G. Wang, D. X. Wang, D. Kehne, and M. Reiser, "Generation of Space-Charge 
Waves due to Localized Perturbations 'I ,  to be published in the Proceedings of the 
1993 Particle Accelerator Conference, Washington, D. C., May 17-20,1993. 

"Longitudinal 
Kinetic Energy Spread from Focusing in Charged Particle Beams", to be 
published in the Proceedings of the 1993 Particle Accelerator Conference, 
Washington, D. C., May 17-20, 1993. 

8. D. Kehne, M. Reiser, H. Rudd, "Numerical and Experimental Studies of Halo 

7. N. Brown, M. Reiser, D. Kehne, D. X. Wang, and J. G. Wang, 

Formation due to Mismatch in a Space-Charge Dominated Electron Beam", to be 
published in the Proceedings of the 1993 Particle Accelerator Conference, 
Washington, D. C., May 17-20, 1993. 

9. I. Haber, D. Callahan, A. B. Langdon, M. Reiser, D. X. Wang, and J. G. Wang, 
"Computer Simulation of the Maryland Transport Experiment", to be published in 
the Proceedings of the 1993 Particle Accelerator Conference, Washington, D. C., 
May 17-20,1993. 

10. J. G. Wang, D. X. Wang, D. Kehne, M. Reiser, and H. Suk, "Studies of Space- 
Charge Waves due to Localized Perturbations in an Electron Beam", to be 
published in I1 Nuovo Cimento A, 1993. 

"11. D. X. Wang, J. G. Wang, D. Kehne, M. Reiser, and I. Haber, "Longitudinal 
Expansion and Compression of Electron Bunches with Rectangular Line Charge 
Profiles", to be published in 11 Nuovo Cimento A, 1993. 

*12. J. G. Wang, D. X. Wang, and M. Reiser, "Generation of Space-Charge Waves 
due to Localized Perturbations in a Space-Charge Dominated Beam", Phys. Rev. 
Lett., 71(12), pp. 1836-1839, September 20, 1993. 

"13. J. G. Wang, H. Suk, D. X. Wang, and M. Reiser, "Determination of the 
Geometry Factor for Longitudinal Perturbations in Space-Charge Dominated 
Coasting Beams", submitted for publication to Phys. Rev. Lett.. 
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14. H. Suk, J. G. Wang, M. Reiser, and D. X. Wang, "Experimental Verification of 
the Smooth Approximation Theory fof a Space-Charge Dominated Beam in a 
Periodic Focusing Channel", submitted for publication to Appl. Phys. Lett.. 

15. J. G. Wang, D. X. Wang, H. Suk, and M. Reiser, "Edge Effect of a Bunched 
Beam on Space-Charge waves", to be submitted for publication to Phys. Rev. 
Lett.. 

"16. M. Reiser and N. Brown, Phys. Rev. Lett. 71, 2911(1993). 
"17. C. K. Allen, N. Brown, and M. Reiser, "Image Effects for Bunched Beams in 

Axisymmetric Systems", submitted for publication to Part. Accel.. 

* Attached to this report. 

3.4 Ph.D, Dissertations 

1. David Kehne, "Experimental Studies of Multiple Electron Beam Merging, 
Mismatch, and Emittance Growth in a Periodic Solenoid Transport Channel", 
April 1992. 

2. Dunxiong Wang, "Experimental Studies of Longitudinal Dynamics of Space-Charge 
Dominated Electron Beams", September 1993. 

3.5 Book Manuscript 

M. Reiser, "Theory and Design of Charged Particle Beams", Accelerator Technology 
and Beam Physics Series, Wiley & Sons, New York, scheduled for publication in 
ApriVMay of 1994. 
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1 Introduction and Synopsis 

Task B of this contract is concerned with experimental and theoretical studies of intense 

pulse-power electron beam systems and their applications to advanced accelerator concepts. 

In particular, work supported under Task B during the past year has been focused on studies 

of high-brightness electron beams produced in pseudospark discharges. Based on experiments 

conducted in our laboratory over the last three years, we believe that this new class of high- 

brightness electron beam source may have important applications as an electron injector 

for such diverse applications as linear colliders, free electron lasers, rf sources, high power 

switching systems, and materials processing. In fact, our experiments indicate that beams 

can be generated in such discharges with brightness values in the range 101o-lO1l Amp/m2- 

rad2. These values are comparable to those achieved in photocathode beam sources at 

substantially greater systems cost and complexity. 

Our program in this area has had two major thrusts. The first is a study of the basic 

physics underlying hollow-cathode discharge devices operating in the pseudospark regime 

(see Fig. 1). These studies, conducted at relatively modest electron beam energies in the 

range 10-50 keV, have concentrated on obtaining a better understanding of the basic physics 

and scaling laws that govern device operation. This work has been unusually productive 

during the last year, and measurements of electron beam emittance and brightness have been 

obtained over a wide range of experimental parameters. One critical issue that will determine 

the ultimate applicability of this new class of electron beam source for DOE applications is 

the instantaneous energy spread in the electron beam. Recent measurements conducted in 

our laboratory indicate that this energy spread is <2% (this is an upper limit determined 

by inherent limitations in the diagnostic technique employed for the measurement). These 

studies are detailed in section 2.1 of this report. 

L- 

A second major thrust of this program is our studies of the extent to which this technology 

can be extended to electron energies above the 10-50 keV range usually associated with 

such devices. Because of the very low emittance and high brightness of the electron beams 

produced in pseudospark devices, acceleration of such beams to high energy is essential if 

they are to be successfully injected into vacuum since space charge forces would rapidly cause 
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the beam to blow up at lower beam energies. For this reason, we have begun an extensive, 

and highly encouraging, study of pulse-line drive pseudospark devices designed to produce 

high brightness beams with energies in the range 200-600 keV and current levels in the range 

100-1000 A. These studies are detailed in section 2.2 of this report. 

In order to assess the utility of such electron beams for applications of possible interest 

to DOE and to put our proposed work in the perspective of competing electron sources, 

a discussion of requirements and alternate electron beam sources for accelerator and other 

applications is included in section 2.3. 

2 Research Progress 

2.1 Studies of Basic Physics Underlying Pseudospark Device 

Operation 

2.1.1 Time-Resolved Energy Spectrum of Pseudospark-Produced Electron Beams 

The time-resolved energy spectrum of a pseudospark-produced electron beam has been mea- 

sured using a simple device developed during the past grant period. The resultant spectrum 

reveals that the instantaneous beam energy is nearly monoenergetic. The energy decreases 

monotonically with time in a manner associated with the fall in the anode-cathode voltage 

waveform. Results of this experimental study are detailed in the paper, “Time-Resolved 

Energy Spectrum of a Pseudospark-Produced Electron Beam,’’ Rev. Sci. Instrum. 64, 1442 

(1993); a copy is included in the Appendix. 

2.1.2 Post-Acceleration of Electron Beams 

A simple induction linac system of 25 kV, 1 kA, 50 ns has been used to post-accelerate 

the electron beam produced by the pseudospark. The pseudospark-produced electron beam 

propagating in a low pressure gas is accelerated by the induction linac. The time-resolved 

energy spectra before and after the post-acceleration have been measured using the technique 

described above. The resultant spectra reveal that the instantaneous beam energy is equal 

to the sum of the cathode voltage and the induction-linac accelerating voltage. Results of 
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this study are detailed in the paper, “Post-Acceleration of a Pseudospark-Produced High- 

Brightness Electron Beam,” published in the proceedings of BEAMS ‘92; a copy is included 

in the Appendix. 

2.1.3 Square Pulse Generation by Inductive Pulse Forming Lines 

An important virtue of inductive energy pulsed power systems is their compactness of size. 

We have proposed use of two inductive pulse forming line systems, the current charged 

transmission line and the dual of the BlumIein line, as inductive energy storage systems. 

These systems are of particular interest because of their capability of square pulse generation. 

Efficient power multiplication can be achieved in these systems by simply narrowing the 

duration of the square output pulse for a given stored energy. Using an n-channel MOSFET 
as an opening switch, we demonstrated that efficient square pulse generation can be achieved. 

Results of this study are detailed in the paper “Repetitive Square Pulse Generation by 

Inductive Pulse Forming Lines and a Field Effect Transistor as an Opening Switch,” Rev. 

Sci. Instrum. 64, 1665 (1993); a copy is included in the Appendix. 

2.2 Pulse-Line Driven Pseudospark Experiments 

One goal of this research program is to determine if the very high brightness electron beams 

generated in pseudospark devices can be scaled to the energies and currents usually associated 

with high power modulators or pulse-line accelerators. If high brightness electron beams can 

be generated with electron energies in the range 100-1000 keV and currents in excess of 100 A, 

then such devices could find immediate application in such diverse areas as coherent radiation 

sources, free electron lasers, and advanced accelerators. For this reason, we embarked upon 

an ambitious project to mate a pseudospark device to the DRAGON pulse line accelerator 

which usually operates at 100-700 kV, 1-130 kA, 100 ns. For this application the pulse 

forming network was modified to produce a longer pulse duration, and experiments to date 

have been run at 150-400 kV, 1-3 kA, 1 psec. 

The basic experimental configuration is shown in Fig. 2. A multigap hollow cathode 

discharge device was connected to the output of the pulser in series with a current limiting 

resistor. The multigap hollow cathode device consists of 6-12 sets of electrodes and insulators 



B5 

as shown with an effective gap between electrodes of about 1 cm. Electrons generated during 

the hollow cathode discharge are accelerated through an on-axis aperture in the electrodes 

0.63 cm in diameter to the extraction point on the anode side of the device. The discharge 

was initiated in Argon gas with ambient gas pressures in the range 30-150 mTorr. 

These experiments are summarized in three papers (“High Power, High Brightness Elec- 

tron Beam Generation in a Pulse-Line Driven Pseudospark Discharge,” published in Applied 

Physics Letters, “Characteristics of Electron Beams Generated in a High Voltage Pulse-Line 

Driven Pseudospark Discharge,” submitted for publication to J. Appl. Phys., and “High 

Power, High Brightness Electron Beam Generation in a Pulse-Line Driven Pseudospark Dis- 

charge,” to be published in the Proceedings of the 1993 Particle Accelerator Conference) 

enclosed in the Appendix. The key results of these studies are as follows: 

1. Low emittance (-30 m - m r a d  normalized emittance), high brightness 

( 101o-lO1l Amp/m2-rad2) electron beams have been generated in a hollow cathode dis- 

charge operating at  electron energies in the range 150-300 keV. Beam current at these 

energies has been measured to exceed 200 A, and ejected electron beam diameters in 

the range 1-3 mm have been observed. These values for beam emittance and brightness 

are likely upper and lower limits, respectively, since the measured beam emittance is 

diagnostic limited . 

2. The high energy component of the electron beam has an energy comparable to the 

discharge voltage (150-300 kV) and is generated in a 20-30 ns burst immediately before 

the voltage collapse associated with discharge operation. 

3. Beam emittance and brightness deteriorates slowly as the beam propagates away from 

the output of the device, probably due to space charge forces. 

These results represent the first experiments in which high brightness electron beams 

have been produced at  energies comparable to what would be required for applications as an 

electron source for advanced accelerators, free electron lasers, and other coherent radiation 

sources. It is worth noting that the observed beam emittance is comparable to the best 

results obtained in photocathode sources at the expense of considerably greater cost and 

complexity. 
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2.3 Comparison with Thermionic and Photo- Cathodes 

To assess the potential of the pseudospark device as a possible high-brightness electron source 

we need to compare it with the thermionic cathode and the photocathode. Electron guns 

with thermionic cathodes of the dispenser type are the most widely used electron beam 

sources for high-current applications. Technical constraints limit the current density at the 

cathode to J 5 J, = 10 A/m2. The intrinsic normalized emittance, on the other hand, is 

defined by the cathode radius and the cathode temperature as 

where en = 4eTms is the eflective (4 times rms) normalized emittance. 

Since the beam current is I = J r z ~ ,  the cathode radius r, increases with beam current 

as r, - fi, and the emittance increases as 

The effective normalized brightness of a beam from such a thermionic cathode is given by 

J,  me2 Bn=-- 
2~ kBT' (3) 

which is seen to be independent of the beam current, proportional to the maximum current 

density J ,  and inversely proportional to the cathode temperature T.  For J,  = 10 A/cm2 = 

lo5 A/m2, kBT = 0.1 eV one finds 

Bn = 8 x 10" [A/(m - rad)2],  (4) 

as the upper limit of brightness for a beam from a thermionic cathode. 

More recently, photocathodes have been developed which are capable of producing higher 

brightness beams than thermionic cathodes. These devices are also known as rf-guns since 

the cathode is located inside of a high-gradient rf cavity for quick acceleration to high energy. 

Currents in excess of 100 A, with effective normalized brightness values of Bn M 2 x 10l1 

A/(m-rad)2 have been achieved. This is a factor of 1.5 better than the above thermionic 

brightness limit, and further improvements might be possible. However, the rf-gun is a rather 

complicated and expensive device. 
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Our pseudospark device generates electron beams which propagate through a gas channel 

where they are fully charge-neutralized. The radii of these “pinched” beams are very small 

- typically about 1 mm - and the beam currents are in the range of 100 to 1000 A, with 

corresponding current densities in the range of kA/cm2. A major goal of our research is to 

inject these beams into a vacuum channel with strong-focusing lenses to prevent excessive 

radial blowup and to make reliable emittance measurements. Preliminary studies with 150 

to 200 kV beams propagating into a drift tube (without focusing) at lower pressure show a 

normalized beam emittance of E, x 30 mm-mad. The corresponding normalized brightness 

is in the range of lo1’ to loll A/(m-rad)2 which is comparable to the values achieved with 

thermionic cathodes and photocathodes. Given the preliminary nature of our measurements, 

this result is very encouraging and motivates further research of the pseudospark as a high- 

brightness electron beam source. 
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1 Synopsis and Introduction 

Very encouraging progress has been made in demonstrating performance of gyroklystron 

amplifiers enroute to developing amplifiers for driving TeV linear colliders. In a two cavity 

gyroklystron with output cavity operating at the second harmonic of the electron cyclotron 

frequency, 31 MW, N lpsec output pulses have been produced at 19.7 GHz with 28% effi- 

ciency. This result is competitive with the best results of the X-band klystron development 

project at SLAC. 
The theoretical value of efficiency for the 19.7 GHz gyroklystron was only 15%; it was 

suspected that this low value was due to using in the calculations an incorrect value of velocity 

ratio obtained from the EGUN code. EGUN predicted a velocity ratio Q = VJV, = 0.78, 

whereas cy = 1.1 would be required to calculate 28% output efficiency. Motivated by this 

suspicion, measurements of a were made using capacitive probes and the value Q = 1.1 

was confirmed. The EGUN code, which is widely used especially to design electron guns, 

is now being modified by us to include the effect of axial self magnetic fields; initial studies 

indicate that this improvement to EGUN will remove the discrepancy between calculated 

and measured values of cy. 

Another amplifier configuration that was studied was the gyrotwystron, which is similar 

to the gyroklystron except that the output cavity is replaced by a traveling wave section. A 

gyrotwystron experiment carried out at  X-band confirmed the predictions of the gyrotwys- 

tron design code. The gyrotwystron configuration has the potential of yielding a higher 

efficiency amplifier than the gyroklystron, and high efficiency gyrotwystron design studies 

will be pursued. Also in progress is a new gyroklystron experiment in which the output 

cavity will operate near 30 GHz at the third harmonic of the cyclotron frequency. 

- 

Our major new eff'ort is focused on a second harmonic, 17.1 GHz gyroklystron that will 

produce output pulses at  the 100 MW level with pulse duration up to 2 psec. A new electron 

gun has been designed and order for this study; it will be a diode type gun and will deliver 

up to 720 A of 500 keV electrons. Out modulator is being upgraded to drive this gun. The 

gyroklystron amplifier circuit will be coaxial and circuit development studies for this 100 

MW amplifier are also in progress. 
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A first order attempt at colIider cost analysis indicates that successful development of a 

100 MW, 17.1 GHz gyroklystron amplifier might -have significant cost advantage compared 

with 11.4 GHz klystron amplifiers at the same power level. 

2 Cost Analysis of a TeV Collider at Various 

Frequencies 

An important figure of merit in comparing the suitability of various types of microwave 

amplifiers for driving TeV-class linear colliders is 

where Pp, T ~ ,  and f are amplifier peak output power, pulse duration, and frequency, respec- 

tively, and qc is the efficiency of the pulse compression circuit if any is used. The efficiency 

of the pulse compression circuit may be estimated from the equation 

where To is the fill-time of the accelerator cavities. The number of amplifiers required to 

drive an accelerator of given final energy is inversely proportional to F.  

Experimental results of all the programs to develop microwave amplifiers for colliders 

have been compared [l]. To date, the highest values of F were obtained in the 11.4 GHz 
klystron development program at SLAC, and in the 19.7 GHz gyroklystron experiments at 

the University of Maryland (UM). The UM gyroklystron experiments are described below 

in section 4. 

Given this present state of microwave amplifier development, and since prospects of 

building a TeV linear collider depend on cost we have started performing cost analyses [2] 

based on the following two amplifier outputs: 

1) 100 MW, 11.4 GHz as may be realized in klystron development at SLAC, and 

2) 100 MW, 17.14 GHz, which is the goal of the gyroklystron R&D program at the 

University of Maryland. 
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Table 1: Cost analysis for a 1 TeV linear collider. 

E0,opt Accel. No. of frep (Hz) for Capital Cost 

(MV/m) Length Amplifiers Pa, = 50 MW of Accelerator 
49 10.2 km 1268 345 $0.51 billion 

70 7.14 km 891 490 $0.36 billion 

Microwave 

Amplifiers 
~ ~~ ~ 

Klystrons at 

11.4 GHz 

Gyroklystrons 

at 17.1 GHz 

In each case, amplifier pulse duration of 1 p s  was assumed and the appropriate number 

of stages of binary pulse compression were applied (two stages for the 11.4 GHz case and 

three stages at  17.1 GHz). It was also assumed that the cost of each microwave amplifier 

and its associated equipment would be CT = $200,000, independent of frequency. 

The analysis was for TMolo accelerator cavities with light loading by the electron beam. 

That is to say that the modification to accelerator cavities which might be required to 

minimize wakefield effects in a high luminosity collider was not considered. The cost per 

unit length of the accelerator structure and tunnel was taken as CL = $25,00O/m, also 

assumed to be independent of frequency. 

The analysis optimized accelerator gradient, Eo,opt, chosen to minimize capital cost. The 

results of the calculations are summarized below in Table 1. 

In this first cut analysis the advantage of operating at the higher frequency of 17.1 GHz 

appears to be significant. One clearly needs to evaluate the various assumptions mentioned 

above, and to include the effects of modifying the accelerator structure to minimize wakefield 

effects. Finally, operating costs need to be considered in addition to capital costs; these will 

depend on efficiency of the amplifier systems as well as on the degree of pulse compression. 
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3 Theoretical Analysis 

3.1 Relat kist ic G yrotwyst rons 

The gyrotwystron is a device consisting of an input cavity which gives the electron beam an 

initial modulation, a drift section and (possibly) intermediate buncher cavities, and an output 

waveguide where the microwave energy is extracted. The difference between a gyroklystron 

and a gyrotwystron is that the output cavity of the gyroklystron is replaced by a traveling 

wave section. The primary potential advantage of the gyrotwystron is its possibly higher 

efficiency; this may result because the output interaction region is relatively long (4-5 times 

longer than a typical gyroklystron output cavity), and the magnetic field may be tapered 

over the output region, leading to trapping and slow deceleration of the electrons. However, 

the long interaction region makes suppression of instabilities more difficult. The ultimate 

success of the gyrotwystron as a high power source will depend on our ability to suppress 

the instabilities and eliminate all competing modes. 

To model the interaction of both the operating mode and a parasitic mode, we developed 

a nonlinear, multi-frequency, multi-mode code. Using this code, a fundamental gyrotwystron 

operating at 9.85 GHz in the TEol mode was designed. For this design, agreement of 

calculated performance with experimental results was good (see Sec. 4.1). 

We note that the design of a gyrotwystron is significantly more difficult than that of a 

gyroklystron, as we have to predict the onset of a parasitic instability in the presence of the 

operating mode. The good agreement between theory and experiment gives us confidence in 

our ability to design gyrotwystrons for future experiments. 

3.2 Harmonic Competition 

In the usual analysis of gyrotrons, the high frequency force acting on the electrons is averaged 

over gyrophase, resulting in a set of equations in which only the resonant terms are included. 

In other words, while the actual equations are of the form 



where uL is the normalized perpendicular momentum and # is the gyrophase, the equations 

used in simulations include only a single term in the  sum on s: 

For long cavities in which the particles undergo a large number of cyclotron orbits, the 

single harmonic approximation is valid. This is because Iw - sRcIL/v,52n when s = so, but 

is much larger than 2a for all other values of s. (Here R, = d#/dt  is the relativistic cyclotron 

frequency, L is the cavity length and vz is the electron axial velocity.) For short cavities, on 

the other hand, this approximation breaks down; i.e., Iw - ssl,JL/vz may be on the order of 

2a for more than one value of s. In that case, it is necessary to keep several terms in the 

sum on harmonic number, s. Typically, only so and so + 1 must be included since energy 

extraction occurs when soRc < w. 

To quantify the effect, we consider the interaction of a prebunched electron beam with 

a pure TE,, mode. We ignore guiding center drift and assume a constant magnetic field, 

resulting in the following equations of motion: 

.. - 
S I G - Y sin( kzc/w<) + i( IC,vA/w)ull cos( IC,c/w<) 

Yo 
c = COS(IC~C/W~)  

with initial conditions 
$ =$o+qsin#o 

# =40 

$0, #o E [ O , W  
U L , U I I  = 1 + spread. 

Most of the terms in this equation have their usual meanings (see, for instance, Ref. [3]); 

the quantities which are non-standard are so, the harmonic of interest, and F,, the relative 
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strength of the beam-wave coupling at each harmonic. The harmonic that has the dominant 

effect on the particles is s = so, so we choose the normalization with F', = 1. Usually, the 

next most important harmonic is s = so + 1, and typically Fs,+l is between 0 and 1. 

We are currently using these equations to investigate the effect of the third harmonic 

on second harmonic operation; i.e. we choose so = 2 and let s = 2 and 3 in the sum on 

harmonics. Our first set of studies was done at a voltage of 425 kV, a pitch ratio of 1, 

and an axial velocity spread of 7%. We computed peak efficiency (optimized with respect 

to the magnetic field and the amplitude and phase of the radiation field) as a function of 

F3. The results are presented in Fig. 1. Note that increasing F3 results in a rapid decrease 

in efficiency and a shift toward longer cavity lengths. When we have carried out a more 

complete study (i.e. various values of pitch ratio and velocity spread), we will use the results 

to design a high efficiency second harmonic gyroklystron. 

3.3 Code Development 

In the last year almost all our efforts in code development were concentrated on our nonlinear, 

multi-mode gyrotwystron code. This code can handle two modes operating at different 
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frequencies. Reflection off the output window is taken into account, as are the losses induced 

by the dielectrics in the drift section. Both the magnetic field and the radius of the output 

waveguide can be tapered. Simulations with this code were successful in predicting the 

performance of the experimental gyrotwystron. 

3.4 Electron Gun Code Studies 

In our attempt to compare theory and experiment as regards the recent second harmonic 

circuits in which about 30 MW of rf power was produced, we found that a beam alpha, cy G 

vL/vz, in the range 1.0 to 1.1 is required. However, our EGUN code using the experimental 

values of magnetic coil currents, beam voltage and current gave a value of cy 0.75 to 0.80 

with an axial velocity spread Avz/vzo of about 5%. If these beam parameters are used in 

our nonlinear rf code, the predicted efficiency is near 10% or about 10 MW of rf power. 

More recent attempts to experimentally measure alpha indicate that it is indeed larger than 

the value predicted by our EGUN code, and is near the value required to obtain agreement 

between theory and experiment. In this section we will summarize our studies with regard 

to tracking down the discrepancy in beam alpha between theory and experiment. It should 

be noted, however, that in our initial two-cavity fundamental mode studies performed a 

few years ago [PRL article, Lawson et all we did obtain agreement between theory and 

experiment using the beam parameters from EGUN in our nonlinear rf code. Though detailed 

comparisons were not performed we are concerned about the apparent agreement in those 

experiments and the general disagreement for circuits studied since then; that is, the three- 

cavity fundamental and the more recent second harmonic circuits. The disagreement has 

not been detailed in a quantitative way until the recent 30 MW second harmonic results. 

Our efforts to understand the beam alpha disagreement go along three paths. The 

first path has studied the effects on beam alpha due to variations in experimental param- 

eters, such as gun coil current, control-anode voltage, cathode location, and beam current. 

All of these parameters can strongly affect beam alpha. Another concern, only to be noted, 

is the heater coil for the cathode strip. We have noted a change in the heater circuit settings 

from those used in initial two-cavity experiments to achieve a given beam current. If this is a 

result of a short in the heater coil under the cathode surface, then the magnetic field due to 
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Table 2: Base system parameters used for modeling in our EGUN Code (Hermannsfeldt, 

W.B., 1979 version, plus modifications by W. Lawson and V. Specht). 

Parameter Value 

Anode Voltage, kV 457.6 

Control Anode Voltage, kV 130.9 

Beam Current, A 244 

Applied Magnetic Field 

Coil Currents, A 
Gun Coil, IGC 89.5 

First Set of Main Coils, I;( 416 

Center Set of Main Coils, IL 340 

Third Set of Main Coils, IM 438 

EGUN Code 

Mesh ,Ar=Az-cm 0.125 

Emission Current Density Uniform 

Number of Rays 16 

this coil could affect the initial launching conditions of the electrons. The more likely cause 

in the change of settings is cathode deterioration due to poisoning. No more will be said on 

this matter since we have no way to ascertain this concern. The second path has to do with 

modeling the beam in our EGUN code. We are working in a current regime close to the 

space-charge limit and thus such effects as non-uniform emission current density should be 

taken into account. The third path and most long-term in nature is to up-grade our EGUN 
code to include self-fields not present in the current version, that is, the self-magnetic fields 

of the beam in the azimuthal and axial directions. Each of these paths is summarized below. 

The base problem parameters are tabulated in Table 2. All studies are performed relative 

to these system parameters. 
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Figure 2: Beam alpha and axial velocity spread versus gun coil current. Other system 

parameters are in Table 2. These beam parameters are at axial locations z=380, 5 cm before 

the input cavity, and z = 580, near the output cavity. 

3.4.1 Gun Coil Current 

In Fig. 2 are the results of beam alpha and axial velocity spread as a function of current in 

the gun coil. The base problem has a gun coil current of 89.5 A. Beam alpha, a = vl/v,, 

is displayed at an axial position of z= 380 mesh units, about 5 cm before the input cavity, 

and at z = 580 mesh units, about at the output cavity. We note that a decrease in gun 

coil current of about 20 A will increase the beam alpha from the 0.75 to the range 1.0 to 

1.1. This 20 A decrease results in the cathode magnetic field decreasing by about 40 G, thus 

increasing the magnetic compression ratio. This change results in no substantial change in 

axial velocity spread which stays in the range of 5-6%. 

3.4.2 Control-Anode Voltage 

In Fig. 3 are the results of beam alpha and axial velocity spread as a function of control- 

anode voltage from its nominal setting of 130.9 kV 10.286 VA]. We see that an increase of 

8-10 kV in the control-anode voltage is required so that the beam alpha increases from 0.75 
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Figure 3: Beam alpha and axial velocity spread versus control-anode voltage. Other system 

parameters are in Table 2. See also Figure 2. 

to the 1.0-1.1 range. We also note that this change results in a sizable increase in axial 

velocity spread, that is, from 5-6% to 8-9%. 

3.4.3 Coil Locations 

In Fig. 4 are the results of beam alpha as a function of the magnetic field coil location. The 

“0” location is the nominal position of the coils. The entire set of coils, gun plus circuits coils, 

are moved downstream by 1 cm and by 2 cm. We observe that a 1.5 to 2.0 cm translation 

of all coils results in a beam alpha increase from 0.75-0.80 to 1.0-1.1. Also plotted is the 

magnetic field at the cathode emission strip center, Bz(rc, z,) plus the value at the edges of 

the emission strip, B,(z = Ray 1) and Bz(z = Ray 16). Ray 1 is closest to the cathode nose. 

This translation results in a decrease of about 25 to 30 G which in turn is responsible for 

the increase in beam alpha. As with the study of gun coil current no substantial change in 

axial velocity spread occurs in the range of the coil translations studied. It is also important 

to note that the magnetic field across the 2 cm wide emission strip varies by about 30 G. 
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Figure 4: Beam alpha and magnetic field at  the cathode versus applied magnetic field coil 

location. Other system parameters are in Table 2. 

3.4.4 Beam Current 

In Fig. 5 are the results of the beam alpha and axial velocity spread as a function of beam 

current. We see that beam currents below 150 A are required to obtain a beam alpha above 

1.0. The nominal beam current is 244 A. 

3.4.5 Emission Current  Density Profile 

The base problem is modeled by a uniform current density across the emission strip. The 

electric field variation across the strip for this modeling is 34.1 kV/cm at ray 1, 27.3 kV/cm 

at the center ray, and 33.3 kV/cm at ray 16. To gain a zero-order understanding of the effects 

of non-uniform emission current density, we examined two different models. The first model 

assumed a linear variation of 330% and the second model assumed a parabolic variation of 

+lo% and +20% at the end rays. In all cases there was no substantial change in beam alpha 

and in axial velocity spread. To indicate the intensity of the 244 A beam, we note that an 

electric field of 30 kV/cm is about 50% of the field that is present at  zero current. 

The important conclusion from the previous parameter studies is that a 30-40 G decrease 



c12 

t 

0.70 4 
150 200 250 

lB - Beam Current - A 

Figure 5: Beam alpha and axial velocity spread versus beam current. Other system param- 

eters are in Table 2. 

in the magnetic field at the cathode emission strip will result in a beam alpha increase from 

0.75-0.80 to the range of 1.0-1.1. With this in mind we have directed our efforts at updating 

the EGUN code that we have been using for the past six years including the studies above. 

First we will discuss and display the results of a modification to the Bs4, the azimuthal 

self-magnetic field, part of the code and second we will discuss the work on-going to include 

B,,, the axial self-magnetic field. 

3.4.6 Azimuthal Self-Magnetic Field Modification 

In the EGUN code used above, the azimuthal self-magnetic field Bs4 is included; however, 

due to ray crossings that occur in a magnetron injection gun, the code must be modified to 

take these crossings into account. We have modified the EGUN code to carefully keep track 

of ray crossings and thus compute B,, correctly. The result is simply 

The results of this change are presented in Fig. 6 .  In Fig. 6a, we have plotted beam alpha 

versus beam current €or three version of B,, in our EGUN code. The curve labeled “New 
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B,4” is our new version, the curve labeled B,, =O is the result of Bs4 set to zero, and the 

points indicated by “X” are the results of the previous model to compute B,,. Clearly, all 

the results are reasonably close with no more than a 10% difference. The main difference 

occurs in the axial velocity spread, shown in Fig. 6b. The mean radial decrease of the beam 

from the cathode to the circuit results in an average V,B,d force that decreases the axial 

velocity and hence increases beam alpha. A subsequent increase in axial velocity spread also 

occurs. Trajectory plots of the beam rays show a much tighter grouping, that is, the beam is 

not mixed by the time it enters the circuit region. When B,d = 0 or the old modeling of B,4 

is used, the beam is well mixed on entrance into the circuit region. We have not yet been 

able to produce a beam where cr and Av, settle down to a constant value in a flat magnetic 

field. We are confident that we have incorporated B,, correctly but we will not be satisfied 

until the problem of cy and Av, reaching a constant value in a flat magnetic field is solved. 

3.4.7 Axial Self-Magnetic Field Addition 

The axial self-magnetic field B,, due to net azimuthal current, J4 = pV4, is not included in 

the present version of EGUN. This field should go a long ways toward having experiment and 

theory agree. Our studies presented above indicate that a 30-50 G decrease in the axial field 

at the cathode would produce a beam alpha near 1.0, which is necessary to explain our 30 

MW rf results. We are presently determining how to include this component in the EGUN 
code. It requires that we numerically solve V2A/$ = -poJ4,  with wall currents included. 

The numerical method will be similar to that used to compute the self-electric field. 

We will study the effects of B,, in simpler beam systems, such as an intense electron 

beam generated by a Pierce Gun. In this case the E, x Bo azimuthal motion gives rise 

to a B,, which can be analytically calculated in a flat field region. During the course of 

including B,, in the EGUN code we hope to track down the above problem related to Q and 

Av, not approaching a constant value in a flat magnetic field. This will be accomplished 

by analyzing beam properties at low and high currents. The 244 A base problem discussed 

above did generate our highest rf power of operation to date, but the beam parameters are 

so close to the space-charge limit that it likely causes numerical modeling difficulties. 
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Figure 6: (a) Beam alpha versus beam current for our newly incorporated azimuthal self- 

magnetic field. Also plotted are curves for BS4 = 0 and the value of beam alpha from the 

previous version of EGUN. Other system parameters are in Table 2. (b) Beam axial velocity 

spread versus beam current for the “New BS6,” BS6 = 0 and values “X” from the previous 

version of EGUN. 
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Figure 7: UM amplifier tube performance history. 
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Microwave Amplifier Experiments 

This past year has been very productive with respect to hot tests of amplifier configurations. 

We have completed testing of the second harmonic tube H2, tested three additional sec- 

ond harmonic gyroklystron configurations, evaluated two fundamental mode gyrotwystron 

configurations, and have just installed a final second harmonic tube. Furthermore, a third 

harmonic output cavity has been designed and is under construction. The peak power and 

gain results for all of our amplifier tubes are shown in Figure 7. As indicated, significant 

improvement was made in the first four harmonic tubes. The work culminated with a peak 

power actually surpassing the best fundamental mode results. 

In addition to the power measurements, considerable effort was made during the tube H5 

test to measure the average ratio of parallel-to-perpendicular velocity for the beam. These 

results indicated a systematic disagreement with the theoretical simulations and instigated 

our theoretical investigation of self-field effects in the electron gun code. 

Many of the results from this year’s investigation have been documented and submitted 

for publication. A Physical Review Letter on the second harmonic gyroklystron has been 

published (vol. 71, p. 456, 1993) and three additional papers are currently under review. All 
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of these papers are included in the appendix. For this reason, most of the discussion below 

will be in the format of a brief review with the-details left to the appendix. Only results 

which have not yet been written up for publication will be given a thorough treatment. 

4.1 Second Harmonic Gyroklystrons 

We have tested a total of five second harmonic, two-cavity gyroklystrons which we label H1 

- H5 (#11 - #15 in Figure 7). They are all essentially derived from the earlier fundamental 

mode work by making minor modifications to the drift tube and by replacing the output 

cavity with one that resonates at the second harmonic (19.7 GHz). Investigation of tube 

H1 was completed and that of tube H2 was started before the end of last year. Tube H3 is 

described in the Physical Review Letter. Tubes Hl-H4 are discussed in the paper by H.W. 
Matthews et al. A treatment of tube H5 (called H4 in the previous progress report) is given in 

the paper by J. Calame et al. Tubes Hl-H3 used resonant traps in the drift tube to eliminate 

(in principle) the possibility of a TEol mode at 19.7 GHz traveling to the input cavity. Tubes 

Hl-H4 utilized a TE021 cavity with adiabatic wall transitions to minimize mode conversion. 

Tube H5 utilized a short mixed mode (TEol/TEo2) cavity to achieve amplification. 

Tube H1 never achieved significant amplification while tube H2 ultimately reached 12 

MW at a gain of -20 dB. Tube H3 exceeded 21 MW of peak power with an efficiency 

of about 21% and a gain of 25 dB. A schematic of H3 is given in Fig. 8. Tube H4 was 

identical to H3 except that the resonant trap in the drift tube was replaced by non-resonant, 

tapered, BeO-Sic ceramics. It was found that this configuration improved stability of the 

low frequency modes and that there was no problem with TEol drift tube modes. Peak power 

exceeded 31 MW with an efficiency near 28%. Tube H5 utilized a short output cavity with 

stepped radial transitions and a m.ixed-mode (TEo2/TEol) radial profile. This configuration 

appeared to be less sensitive to drift tube instabilities but produced considerably less power 

than tube H4. Furthermore, the relative mode composition varied considerably with several 

parameters. Again, exhaustive details of the performance characteristics are given in the 

papers in the appendix. 
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Figure 8: A chernatic of the second h rm nic tube H3. 

4.2 Fundamental Mode Gyrotwystrons 

Two fundamental-mode gyrotwystrons were designed, built, and tested in the past year. The 

designs were based on the theoretical effort initiated last year. The gyrotwystrons utilized the 

same input cavity as all previous experiments but required a considerably longer drift tube 

and a new vacuum housing to handle the long, tapered, traveling wave output section. The 

tube is shown schematically in Fig. 9. The only difference between the two configurations 

was the quality factor of the input cavity. This was reduced by 32% in the second tube 

due to input cavity oscillations in the initial experiment. The magnetic field coils were also 

re-organized slightly to allow for larger taper profiles. 

In general, the tubes exhibited a bandwidth about twice that of their gyroklystron coun- 

terparts and experienced a fewer total number of unstable modes. However, a few modes 

associated with the output section were exacerbated by window reflections and resulted in 

a smaller overall parameter space for amplification. The best results for the first tube oc- 

curred a beam voltage (312 kV) significantly below the design voltage of 440 kV. A peak 

power of -10 MW as achieved with 20% efficiency in a fairly modest magnetic downtaper. 

Somewhat higher peak powers were achieved near 400 kV with considerably less efficiency 
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Figure 9: A schematic of the fundamental mode gyrotwystron tube. 

and were limited by input cavity oscillations. The second tube achieved nearly 22 MW of 

power with over 22% efficiency and a gain exceeding 24 dB. The required magnetic field 

taper for optimal performance was quite close to the theoretical prediction. For this tube, 

performance was limited by competition from a TEll interaction in the output section. 

Details of this work can be found in the paper by P. Latham et al. in the appendix. 

Though gyrotwystron performance was inferior to fundamental mode gyroklystron results, 

we point out that considerably more time and energy was put into the latter effort. Schemes 

for suppressing competing modes were judged to be fairly time consuming, so our effort was 

directed back to gyroklystron studies. If the inner conductor described in the next section 

improves mode competition, it could be adapted to the gyrotwystron scheme. 

4.3 Coaxial Second Harmonic Gyroklystron 

In an attempt to improve efficiency by achieving higher average velocity ratios, we have 

modified tube H4 to contain a small inner conductor and have just installed it in our test 

bed. This tube (H6) is shown in Fig. 10. The conductor has a nominal radius of 2 mm and 

is supported by two tungsten rods. The insert extends from the preliminary drift tube to 
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Figure 10: A schematic of the coaxial tube H6. 

the end of the main drift tube. It is comprised of thin copper and dielectric washers strung 

on a tungsten rod (mostly alumino-silicate dielectric). The inner conductor raised both the 

resonant frequency and quality factor of the input cavity. The frequency was returned to the 

proper value by increasing the axial length of the cavity. The Q was lowered by placing a 

lossy dielectric on the inner conductor in the middle of the input cavity (as shown in Fig. 10). 

In addition to characterizing the optimal amplifier performance, we hope to gain informa- 

tion on two points related to the next experiment. First, we expect to confirm our theoretical 

predictions that the beam interception by the support rods will not cause any degradation 

in performance and that the rods will not suffer significant erosion. Second, we want to 

quantify the improved stability afforded by the extra attenuation. 

4.4 Third Harmonic Gyroklystron 

We have designed and are currently building an output cavity which shouldoperate at three 

times the drive frequency in the TE031 mode. An expanded view of the radial profile is given 

in Fig. 11. For comparison, the profile of the H4 output cavity is also indicated. From the 
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Figure 11: A comparison between the output cavities of the second and third harmonic 

tubes. 

drawing it is clear that accurate machining of this part is crucial. To facilitate the test, the 

overall dimensions of the cavity (initial and final radial and axial locations) are identical 

with the second harmonic cavity. We have obtained the microwave hardware necessary to 

do a crude power estimate. If the experiment is successful we will design and build the TE;, 

to TE& mode converter required for accurate measurements. 

The resonant frequency of the cavity is 29.6 GHz and the quality factor is about 600. 

This cavity is completely stable to all competing modes. It is cutoff to  the TEo, at the drive 

frequency and the TEo2 at twice the drive frequency. Neither the TEol nor the TEo2 are 

cutoff in the drift tube at 29.6 GHz. This should not be a problem because our scattering 

matrix code predicts a mode purity over 99.2% and a left-to-right power ratio better than 

-40 dB. Initial large signal simulations have indicated efficiencies above 10%; we continue 

to search for higher power points. 



4.5 Velocitj Ratio Measurements 
- 

Measurements of the ratio of perpendicular to parallel velocity in the gyroklystron electron 

beam were also performed during the past y a r  (this ratio, v ~ / v , ,  is known as a) .  Since 

gyroklystrons produce their output power by extracting energy from the perpendicular com- 

ponent of the electron motion, the attainable power, efficiency, and gain are all strongly 

increasing functions of a. Accurate knowledge of CY is therefore required to obtain reliable 

comparisons between theory and experiment. 

In our previous work we have relied upon values of CY predicted by the EGUN code [4] for 

use in our gyroklystron modeling. In the recent harmonic experiments, we have found that 

the gyroklystron simulation code predicts efficiencies considerably lower than those observed 

in the experiments, often by as much as a factor of two. This implies that the cy which 

actually exists in the experiment is higher than that predicted by the EGUN code. For 

example, at the optimal operating point for the harmonic gyroklystron, EGUN predicts an 

average CY of 0.78 in the output cavity. The gyroklystron code predicts an efficiency of only 

15% with this value of a. Additional calculations indicate that an a of 1.1 is required to 

reach the measured 28% efficiency. Furthermore, the discrepancy between the theoretical 

value of CY and the value required to explain the experiments appears to become progressively 

worse at higher beam currents. 

In order to measure CY and hopefully resolve some of these discrepancies, a capacitive probe 

was installed in the drift tube region of harmonic gyroklystron tube #5. A capacitive probe 

was selected for the velocity ratio measurement primarily due to its non-invasive nature. 

The high power level of our electron beam (about 20 MW/cm2) and several microsecond 

pulse duration rule out the use of pinholetype analyzers. In addition to heating problems 

and the perturbing effects of space charge near the pinhole, gas emission would seriously 

affect the operation of the electron gun’s thermionic cathode. Furthermore, the capacitive 

probe can make measurements of a while the gyroklystron is operating, which simplifies 

any comparisons between theory and experiment. Capacitive probes have been used for 

some time by other researchers to measure the axial electron beam velocity in free electron 

lasers [5]. More recently, a group at  MIT successfully measured the velocity ratio in a 140 

GHz gyrotron electron beam with a capacitive probe [6], and a group at NRL performed 
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similar measurements in an 85 GHz quasi optical gyroklystron [7]. Our work differs from 

both of these latter studies in several ways. It represents the first attempt to use capacitive 

probe techniques to measure velocity ratio in such a high power (near 80-100 MW) and high 

voltage gyrotron beam. It therefore allows a comparison between experiment and theory 

in a previously unexplored regime. Furthermore) we also make some measurements of cy at 

an operating point near the space charge limit of the MIG, which should help clarify how 

accurately space charge is modeled by the EGUN code. Finally, the capacitive probe in 

the present work employs some novel features) such as guard rings, to reduce the effects of 

fringing fields. 

A schematic diagram of the capacitive probe assembly is shown in Fig. 12. The active 

surface of the probe consists of a 4.216 mm long stainless steel ring with a 6 mm radial 

thickness. The inside diameter of the ring is 3.00 cm, which is the nominal drift tube 

inside diameter. The probe ring is supported radially inside a 4-5/8 inch OD double-sided 

Conflat flange by a MACORR annulus. A group of three small screws prevents axial motion 

of the ring with respect the MACOR. The outer diameter of the MACOR, and thus the 

inner diameter of the Conflat flange, are the same size as our gyroklystron vacuum housing. 

This makes the probe directly compatible with the rest of our system, including the lossy 

dielectrics used to stabilize the drift tube against spurious oscillations. In fact, the probe 

assembly was installed directly in between the existing input cavity and the drift tube conflat 

flanges. A vacuum compatible SMA connector is welded into the side of the probe conflat, 

and a connection to the probe ring is achieved with OFHC copper wire, beryllium shaft 

couplers and stainless-steel set screws. On each side of the probe ring, a 2.0 ~ l l ~ ~ l  long 

grounded OFHC copper guard ring was placed against the MACOR insulator. The guard 

rings where radially profiled to allow only a small axial clearance between the edge of the 

guard rings and the probe ring. In this configuration, the radial electric field from the electron 

beam remains very uniform over the length of the probe; most of the fringing fields created 

by the finite length of the whole assembly wind up landing on the guard rings and do not 

contribute to the probe signal. Furthermore, the guard rings protect the electric field at the 

probe surface from the perturbing effects of the lossy dielectrics located nearby in the drift 

tube. The guarded configuration also simplifies calibration considerably, and reduces noise 
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Figure 12: Diagram of the capacitive probe. 

by virtue of its extra shielding. The highly unstable nature of the gyroklystron beam while 

in the drift tube necessitates keeping as much of the drift tube length covered with lossy 

material. Therefore, the probe and guard ring lengths are designed to be as short as possible 

consistent with the desired signal strength and shielding requirements. Furthermore, lossy 

ceramic rings made of Carbon-Impregnated- Aluminum Silicate (CIAS) where placed against 

the guard rings to complete the assembly, and existing tapered BeO-Sic absorbers in the 

drift tube can directly contact the CIAS rings. The capacitive probe signal is passed though 

a 20 m length of coaxial cable into a 1 MR input impedance Tektronix digital oscilloscope. 

A typical capacitive probe signal is shown in Fig. 13. Also shown in the figure is the 

cathode voltage. The upward slope in the probe signal during the flat-top portion of the 

pulse, located between 2 and 3 ps, is due to a time dependence in (Y from the gun. It is 

caused by a compensation problem in the resistive divider which powers the modulation 

anode of the electron gun. The cathode-to-modulation anode potential continues to increase 

during the flat-top of the cathode voltage pulse. Since (Y is very sensitive to this electric 

field at the cathode, strong variations in Q occur during the flat-top. Figure 14 shows the 

measured velocity ratio as a function of time in the vicinity of the flat-top, along with the 
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Figure 13: Typical traces of probe voltage and cathode voltage vs. time. 

simultaneously measured microwave output power from the harmonic gyroklystron. Many 

of the microwave pulses in our previous experiments also exhibited this slow rise in output 

power. In those experiments, we hypothesized that the strange pulse shapes were due to 

time dependent variations in cy. The results from the present experiment seem to prove our 

assertion. In all of our previous microwave research, we quoted output powers obtained at 

the maximum power point located towards the end of the pulse (at about 2.7 ps). Therefore, 

in the velocity ratio studies we similarly report the peak value of cy associated with this 2.7 ps 

point in time, taking care to account for any ripples in the signal by “slitting the difference” 

between the peaks and valleys and using the mean value. 

A contour plot of cy as a function of beam current and circuit-to-cathode magnetic com- 

pression is displayed in Fig. 15. The cathode and modulation voltages were held fixed at 

409 and 291 kV, respectively, and the final magnetic field at the probe was fixed at 0.549 

T. The curves were generated from 115 data points which cover the plotted area with good 

uniformity. In general, the contours exhibit a slight upward slope as a function of beam cur- 

rent, which means that the cy at fixed compression decreases as the beam current is raised. 

For example, at a compression of 11 the value of cy at 170 A is about 1.0, which drops to 
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Figure 14: Measured time variation in Q and harmonic gyroklystron output power during 

the flat top of the voltage pulse. 

0.8 as the current is increased to 240 A. The trend is primarily due to space charge effects 

near the cathode. As the current is increased towards the space charge limit ( M  245 A), 

the electric field at the cathode region decreases. This decreases the initial perpendicular 

velocity, which leads to a corresponding decrease in the final value of a. At fixed current, 

the variation of velocity ratio as a function of magnetic compression is described reasonably 

well by adiabatic theory, which predicts 

where A is a constant proportional to the electric field at  the cathode, and fm is the ratio 

of the magnetic field applied at the gyroklystron circuit to the magnetic field applied at the 

cathode. 

A comparison between the measured values of a and the values predicted by EGUN as 

a function of magnetic compression are shown in Fig. 16. The data points were measured 

at a beam voltage of 409 kV, a beam current of 215 A, and a magnetic field of 0.549 T 

at the probe location. The dotted and dashed lines represent the one standard deviation 

systematic error bounds in the experimental and theoretical predictions, respectively. The 
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Figure 15: Contours of constant Q as a function of compression and current at  409 kV. 

error bounds associated with the theoretical curve are based on the effects of operating pa- 

rameter systematic errors on the simulation results; they do not include unknown systematic 

inaccuracies in the EGUN modeling process itself. The experimentally measured values of 

velocity ratio are found to be considerably higher than those predicted by EGUN, although 

the trends as a function of compression are quite similar. In order for the theoretical predic- 

tions to agree with the experiment, the magnetic field at the cathode would have to be about 

45 G less than the magnetic field provided by the external coils. The axial magnetic field 

produced by the rotating electron beam could account for this reduction of cathode field. 

This axially directed self magnetic field effect is not included in the EGUN code. Electrons 

always spiral in such a manner as to reduce the magnitude of the axial guiding magnetic 

field. Approximate calculations which model the beam in the cathode region using effective 

sheet or loop currents predict reductions of axial cathode magnetic field of 30-100 G at the 

operating current (out of a nominal cathode field of 473 G). These predictions are therefore 

consistent with the experimental results. The higher than expected values of cy are also 

in good agreement with the values required to explain the 28% efficiency observed in the 

harmonic gyroklystron experiments. 
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Further evidence for self-magnetic field induced increases in a can be seen in Fig. 17, where 

the effect of beam current on velocity ratio at constant compression is shown. In this study 

the beam voltage and final magnetic field remained at 409 kV and 0.549 T, respectively, and 

the compression was fixed at 11.61. The EGUN simulations predict smaller than observed 

values of a and a monotonic decrease in CY as the current increases. As discussed previously, 

the decrease is due to the effects of space charge in the cathode region. The experimental 

results show a rise in a as the current climbs to 190 A, followed by a decrease at higher 

currents. Self axial magnetic fields are an increasing function of beam current. Since an 

increase in self axial magnetic field tends to increase a, in the absence of space charge 

effects one would see a increase as the current increases. In fact, with space charge effects 

a competitive situation occurs, with the positive effects of self-magnetic fields apparently 

winning out at currents below 190. At high currents, the space charge effects become strong 

enough to reverse the self-magnetic field effect, and the values of CY drop. They remain, as 

expected, above the values predicted in the absence of self-magnetic fields. Measurements 

of velocity ratio at currents below 167 A were not possible at a compression of 11.6 due 
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Figure 17: Comparison between experiment and theory at 11.61 compression and 409 kV. 

Systematic error bounds in the theoretical prediction are shown with dashed lines. 

to instabilities in the gyroklystron which housed the probe. This is unfortunate, since the 

theoretical and experimental values should converge at very low currents if the self-magnetic 

field hypothesis is correct. However, the trends in the observed data are certainly consistent 

with convergence. 

100 MW System Design and Construction 

5.1 Modulator Upgrade 

Significant progress in upgrading our 500 kV, 200 MW modulator in preparation for the 

upcoming 100 MW gyroklystron experiments has been achieved. Three different goals are 

associated with this upgrade. First, we are doubling the output current of the modulator 

from the present level of 400 A to 800 A. To achieve this, we have increased the number 

of paralleled pulse forming networks (PFNs) from four to eight. Two new thyratrons will 

be used to switch the PFNs into the existing 1:22 pulse transformer. Each thyratron in the 

new system will discharge four PFNs instead of two. Since we are not going to purchase a 



new dc power supply, the repetition rate of the modulator will drop from 5 to 2.5 Hz. This 

is not a problem since the majority of our 9.85 GHz work was performed at 1-2 Hz without 

any trouble. The old system employed a resistive divider that consumed 50% of the output 

current to power the modulation anode of the double anode magnetron injection gun (MIG). 

Therefore, only 200 A was available for cathode current in the old system. In the upgraded 

system, which is designed to power the singleanode MIG, the entire 800 A output current 

can be directed into the cathode. This effectively increases the beam power by a factor of 

four over the old system. 

The second goal involves a reduction in the stray capacitance associated with the 500 

kV connections between the pulse transformer and the gun. In the old system, the 500 kV 

components are spread out between two different oil tanks, with a large distance between the 

transformer and the electron gun terminals. In the new system, all of the 500 kV components, 

including the pulse transformer, filament transformer, capacitive voltage dividers, rogowski 

coils, and load resistors (for operation at lower cathode currents), will be placed in a single 

tank with the electron gun terminals as close as possible to the pulse transformer. The stray 

capacitance should drop from 400 to 170 pF as a result of these modifications. Furthermore, 

the lower stray output capacitance will reduce the magnitude of the thyratron reverse voltage, 

which caused problems in the old system. The new modulator should produce an output 

pulse with nearly a 2 psec flat-top and 1.3 psec rise and fall times, compared to the 1 p e c  

flat-top and 2 psec rise and fall times of the current system. A simulation of the output 

pulse expected from the upgraded modulator is shown in Fig. 18. 

As a final change, some arcing problems in the 500 kV components will be corrected. 

These arcs, in conjunction with the thyratron reverse conductions caused by the excess stray 

output capacitance, limited reliable operation of the old system to voltages below about 450 

kV. An improved design of the metal components and supporting insulators subjected to 

high electric fields, a better oil filtration system, and the lower capacitance arrangement of 

the components should allow operation at the full 500 kV level. 

Significant progress on the modulator upgrade has been achieved. A new oil tank to hold 

the additional four PFNs has been designed and constructed. The new PFNs, each of which 

consist of 12 capacitors and tunable inductors, have been constructed and mounted in the 
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Figure 18: Simulated voltage pulse of the modulator upgrade. 

new tank. Two new inverse diode, metal oxide varistor, and auxiliary load assemblies used 

for short protection have been constructed and installed. Other hardware associated with 

the new PFN tank, including a large coaxial output feedthrough, a thyratron mounting cage, 

oil pumping fittings, and gasketted lids have also been installed. 

The new oil tank designed to house the pulse transformer and all of the 500 kV post- 

transformer circuitry has been designed and is currently nearing completion. All of the steel 

parts have been cut, and the basic structure has been welded together. The new tank should 

be completed by the end of January 1994. Following the completion of the 3rd harmonic 

experiment, the old modulator will be partially disassembled. The existing pulse transformer, 

core-biasing circuitry, current and voltage diagnostics, and resistive loads will be re-mounted 

in the new transformer tank. Additional resistive loads, which have already been fabricated, 

will also be added into the new tank. Finally, a new filament autotransformer compatible 

with the higher heater power of the new electron gun will be procured and installed. 

The two PFN tanks will be connected to the completed transformer tank using a new 

coaxial fitting and modified version of the existing PFN-transformer tank feedthroughs. 

Although we have already acquired a new ITT F-187,75 kV, 20 kA hydrogen thyratron, and 
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we expect delivery of a second one in December 1993, we will initially operate the modulator 

using the old thyratrons. We will simply move one of the old thyratrons and its supporting 

components from the original PFN tank and place them in the new tank. Therefore, the 

filament, reservoir, triggering, and biasing circuits used in the existing system will not need 

modification. Although we will have to keep the total current below 600 A during this phase, 

time will be saved and early testing of the modulator will be possible. The old thyratrons will 

also be sufficient for electron gun acceptance testing and preliminary microwave experiments. 

The new thyratrons will be installed at a later date. We anticipate completion and resistive 

load testing of the entire modulator upgrade sometime during the summer of 1994. 

5.2 Microwave subsystems 

The microwave subsystems, which include the post-output cavity waveguide tapers, the beam 

dump, input and output windows, and microwave diagnostics, are currently in the design 

phase. A conceptual design for the post-output cavity hardware is shown in Fig. 19. The first 

nonlinear uptaper, the beam dump, the pumping cross, and the output window are placed 

in sequence downstream from the output cavity. Microwave diagnostics are attached after 

the output window. Two concepts are currently under consideration. In the first scheme, 

which is illustrated in part (a) of the figure, the coaxial inner conductor of the microwave 

tube is supported in the circuit area by tungsten pins (not shown) which intercept a tiny 

fraction of the electron beam. The inner conductor is cantilevered downstream into the first 

nonlinear uptaper, in which the inner conductor diameter is gradually reduced to zero while 

the outer conductor diameter is increased to 12.7 cm. In the second scheme illustrated in the 

figure, the inner conductor is cantilevered upstream from intercepting supports (not shown) 

located inside the beam dump, with only minimal upstream support inside the microwave 

circuit. In this case the inner conductor will gradually increase to 2.54 cm diameter within 

the first uptaper and will terminate inside the beam dump. 

A preliminary design for the first nonlinear uptaper, for the case without cantilevering 

from the beam dump, is shown in Fig. 20. It is designed to convert the TEW coaxial mode 

to the TEo3 circular waveguide mode without significant conversion to any other modes. 

The total length is 0.33 m, which is compatible with our existing magnet table. Theoretical 
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Figure 19: Two schemes for the post-output cavity microwave hardware. 

mode conversion levels from the TEo3 mode at 17.14 GHz to the TEol, TEoz, TEW, and 

TEos modes are -38.0, -37.7, -38.0, and -62.6 dB, respectively. 

The beam dump is currently in the conceptual design phase. The 12.7 cm inside diameter 

structure will be electroformed from OFHC copper. Cooling channels will be subsequently 

electroformed onto the structure using the conductive lost-wax method. The new beam dump 

will fit within the existing outer cylindrical shielding lead of the previous system. Additional 

shielding will be provided by a box-like structure fabricated from sheet lead and aluminum. 

Following the beam dump, a six-way custom built pumping cross will allow attachment of 

ion pumps, the bake-out turbopump, the output window, and ion gauge and RGA vacuum 

diagnostics. The pumping cross is currently being designed. 

The output window will consist of a 12.7 cm diameter disk of BeO, designed to be a 

wavelength long at the harmonic operating frequency. It will therefore also function as a half- 

wavelength window at the fundamental frequency, should such experiments be undertaken 

in the future. The window is very similar to the one used in the 30 MW experiments, so 

only a minimal design effort will be necessary. The non-vacuum side of the window will be 

filled with atmospheric pressure SF6. At 100 MW in the TEO, mode, the peak electric field 
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Figure 20: Profiles of the first nonlinear uptaper. 

on the window will be 60 kV/cm. This is a factor of two smaller than the SFG breakdown 

limit. 

Two microwave diagnostics are currently being designed. The first is a modified version 

of our old anechoic chamber. In this scheme, a second nonlinear uptaper filled with SFG will 

be placed after the output window. The taper will expand the output waveguide diameter 

from the 12.7 cm value at the output window to 25.4 cm, at which time the TEB peak 

electric field will be 29 kV/cm. A second window, in this case fabricated from thin mylar, 

will be located at  the large end to separate the SFG from the ambient air inside the anechoic 

chamber. We expect the second taper to be about a meter long, and it should have less 

than 5% mode conversion. We already have considerable experience with measuring power 

in mixed-mode systems (from the harmonic tube with the complex cavity), so the small 

amount of mode conversion in this design should not present a problem. The chamber itself 

will be the same one used in the 30 MW experiments, although a new Ku-Band pickup 

antenna and new Ku-Band diagnostic hardware will be required. The new components are 

currently on order. 

The second diagnostic under design consists of a mode-selective directional coupler with 
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the same inside diameter as the output window. It will be filled with SFC to prevent break- 

down. Following the directional coupler there will be an additional waveguide taper and a 

flowing-methanol calorimeter. The diameter of the calorimeter and the taper design will be 

selected to avoid surface breakdown on the calorimeter surfaces. In this case, mode con- 

version is not important (although reflections must not be allowed to occur), so the taper 

length can be rather short. 

Preliminary design studies of the directional coupler have concentrated on coupling a 

circular TEo2 mode from the primary waveguide to the rectangular TElo mode in the sec- 

ondary Ku-Band waveguide. We have decided to employ a design in which the secondary is 

wrapped around the primary waveguide in a helical fashion, instead of the more conventional 

linear configuration. In a helical structure, the ratio of the effective guide wavelengths in 

the primary and secondary arms can be matched by adjusting the angle of tilt. This extra 

degree of freedom simplifies the suppression of unwanted modes. 

Figure 21 shows the performance of an initial design. The tilt angle was set at 64.05 

degrees, corresponding to the case where the TEoz circular and TEIo rectangular guide 

wavelengths have the same value when projected onto the circular guide’s z-coordinate sys- 

tem. There were 40 holes in the design, each with a diameter of 0.38 cm. A computer 

code was written to calculate the coupling form the primary guide to the secondary guide 

through each of the holes and correctly sum up the individual contributions to yield a total 

coupling. The TEo2 total coupling from the primary to the secondary is -60.6 dB, which 

is low enough to reduce the 100 MW gyroklystron output to manageable levels yet high 

enough for accurate calibration. The graph in Fig. 21 also shows the suppression of a variety 

of unwanted modes which may appear in the primary guide. The results look promising 

since the unwanted modes all have couplings at least 10 dB lower than the desired mode. 

Based on these successful design studies, a final design for a similar coupler optimized for 

measuring the TEo3 mode in the primary guide has been initiated. We hope to achieve 15-20 

dB suppression of unwanted modes relative to the operating mode coupling. Construction 

is expected to follow shortly after the achievement of a successful design. 
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Figure 21: Performance of a preliminary directional coupler design. 

5.3 Electron Gun Design 

The design of an electron gun for the 100 MW, 17 GHz gyroklystron design was completed 

this past year. The preliminary bid for a 500 kV gun with a nominal current of 600 A and 

a maximum current of 800 A went out in the spring but turned out to be cost prohibitive. 

We reduced the nominal current by 20%, decreased the cathode radius by about 25%, and 

re-optimized the electrode configuration. The final design can achieve a maximum current 

over 720 A and is considerably cheaper to build. A second bid was performed in the summer; 

a copy of the bid request is enclosed in the appendix. The bid request details the results of 

the design sirnulation and spells out the performance requirements. 

The contract was awarded to Varian Associates (the low bidder) for about $378,000. It 

was awarded in two phases; completion will occur only if a new three-year contract is awarded 

by DOE. At this point they have completed the electrode confirmation study and are working 

on the mechanical design. Agreement between their variable mesh code simulations and our 

EGUN simulations were excellent. A comparison of velocity spread predictions is indicated in 

Fig. 22. Their estimates of peak electric field were within 2% and cathode loading variations 

were less than 10% (total). 



C36 

10 600 
n 

v 
U 9 

a 
590 % 8 

7 Y-, 

6 3 

5 580 f=M 

.e 

0 

a, 
.A 

4 2 
P) 

570 2 
6 

3 

2 5 
1 V 
0 560 

0 100 200 300 400 500 600 700 

Beam current (A)  

Figure 22: Comparison between UM and Varian results for the velocity spread predictions 

versus beam current. 

5.4 TEoz Second Harmonic Design 

The most straightforward extrapolation from our 30 MW second harmonic experiments to 

the 100 MW upgrade is to operate the output cavity in the TEo2 mode, using either a 

complex cavity (which actually has some TEol mixed in), or a pure TEo2 mode near cutoff. 

For our 30 MW design, our highest efficiency was with the pure TEo2 cavity; at 100 MW, 

it is the opposite - our best design so far is with the complex cavity. Details of that design 

can be found in Ref. 8; here we give the essential details. 

A schematic of the complex cavity is given in Fig. 23, with dimensions given in Table 3. 

The shape of the cavity is chosen so that there is no TEol mode propagating back into the 

drift section. Figure 24 shows the nonlinear efficiency versus axial velocity spread, assuming 

a current of 800 A and a voltage of 500 kV. The dependence is rather unusual - far more 

typical is a relatively weak dependence of efficiency for small velocity spread, followed by a 

steeper falloff as velocity spread increases. In our analysis, however, we optimized efficiency 

first at a velocity spread of 9% (the design value), then used that magnetic field profile and 

drift tube length when optimizing at other values of the velocity spread. (In fact, at zero 
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Figure 23: Co-axial gyroklystron. 

velocity spread we were able to achieve 39% efficiency, but with a magnetic field profile and 

drift tube length that yielded only 15% efficiency at a velocity spread of 9%.) 

So far designs using a pure TEo2 mode near cutoff have not yielded high efficiency. We 

suspect that the problem is interference from the third harmonic, so we are performing a 

fundamental study of competition from the third harmonic when operating at the second (see 

Sec. 3.2). This study will use a reduced set of equations, allowing us to optimize efficiency 

over a broad range of parameters. When we have determined which parameters yield the 

largest efficiency, we will use our realistic gyroklystron code to design a high efficiency second 

harmonic experiment. 

5.5 TEo2/TEo3 Complex Output Cavity 

In addition to the conventional short output cavity described in the previous section, we 

are investigating the feasibility of longer, lower Q cavities similar to the complex cavity 

designs used in some gyromonotrons. A preliminary design is shown in Fig. 25. The resonant 

frequency and quality factor are f = 17.136 GHz and Q = 260, respectively. The output mode 

is 96% pure TEo3 and the left-to-right power ratio is nearly -36 dB. The start oscillation 
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Table 3. 

Inner 

Input 1 2.350 

Input 2 2.000 

Drift 1 3 1 2.350 

output 4 2.234 

output 5 1.914 

Output 6 2.358 

output 7 2.356 

Outer 

Radius Length Frequency 

(cm) (cm> ( G H 4  
3.850 

4.206 

3.850 

3.920 

4.205 

3.798 

4.415 

5.000 

2.000 

5.000 

.09775 

0.9223 

0.4220 

12.000 
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Figure 25: Schematic of the complex output cavity. 

curve at the nominal design point is shown in Fig. 26. As indicated, this cavity would 

probably be operated as a phase-locked oscillator and would be completely stable to all 

other modes. Initial efficiency estimates for efficiency are -21% (with velocity spread) and 

we are continuing our large signal analysis with the expectation of exceeding 30% efficiency. 

5.6 Drift Tube Designs 

The suppression of instabilities in the drift tubes is one of the most critical issues in high 

power gyroklystron designs. In the 30 MW gyroklystron experiments, instabilities in both 

the intercavity drift tube and the compression region between the electron gun and the input 

cavity seriously limited performance in the early tubes. To hopefully avoid some of these 

problems in the 100 MW system, a careful theoretical study of wave propagation in coaxial, 

dielectrically loaded drift tubes was undertaken during the past year. A new computer code 

to handle an arbitrary number of concentric dielectric liners on both conductors of a coaxial 

waveguide was developed and used to optimize the attenuation and minimize the dielectric 

Qs of all modes from 2 to 25 GHz. The code also includes the effects associated with the 
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Figure 26: Start oscillation curve for the complex output cavity. 

frequency dependence of the properties (dielectric constant and loss tangent) of the lossy 

dielectrics. The result of this study is the main drift tube design pictured schematically 

in Fig. 27. The inner coaxial radius is 1.825 cm and the outer radius is 3.325 cm. The 

inner conductor is lined with 2.5 mm thick, 5.8 mm long rings of two alternating types of 

lossy dielectric material. The two types of material used are 80% Be0-20% Sic non-porous 

ceramic and Carbon Impregnated Aluminum Silicate (CIAS). The outer conductor is lined 

with a double layer dielectric, the inner layer consisting of 3.25 mm of CIAS and the outer 

layer composed of 2.5 mm of 80% Be0-20% Sic. The length of the dielectrically loaded 

portion of the drift tube is about 7 cm. The BeO-based ceramics are currently being ordered 

by our purchasing department, and the CIAS materials will be fabricated in-house at a later 

date. 

The most troublesome modes in gyroklystron drift tubes are those with one azimuthal 

variation (n  = 1 modes). The theoretical attenuations presented to some of the n = 1 modes 

by the final drift tube structure are shown in Fig. 28. Although all n = 1 solutions are 

neither pure TE nor pure TM, for ease of discussion the modes in the figure are labeled by 

the vacuum solution from which they develop as the dielectrics are inserted. In fact, the 
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Figure 27: Diagram of the main drift tube. 

vacuum-region field profiles associated with the minimum attenuation region in each of the 

troublesome modes resemble those of the TEll mode. The attenuations presented to each of 

these modes remain above 1 dB/cm from 3 to 22 GHz. Furthermore, the dielectric quality 

factors associated with the structure are below 13 from 0-13 GHz and below 32 from 13-22 

GHz. The most critical frequency occurs where the beam cyclotron wave dispersion curve 

intersects the dispersion curve for the TEll mode in the loaded structure. In the present 

design, this intersection occurs at 4.8 GHz. The computed dielectric Q at this point is only 

4.2, which is very low and should present few problems. Similarly computed quality factors 

at the beam-wave intersection frequencies for each of the other modes in the figure are below 

10. 

Similar studies were performed for all modes with n = 0, 2, and 3. In all cases the loading 

was found to be superior to that computed for the n = 1 modes, so the results are not plotted. 

For example, the attenuation presented to the n = 0 modes remains greater than 2.5 dB/cm 

from 0-24 GHz, and the corresponding Qs are below 15 over the whole band and below 

7.5 form 0-16 GHz. This should help prevent any spillage in output cavity radiation from 

triggering TEh-like instabilities at  the operating frequency. Finally, the TEM-like mode 
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supported by the coaxial configuration, which is actually a T M W  mode in the dielectrically 

loaded structure, was found to exhibit attenuations similar to the TEll mode and does not 

present a problem. 

Preliminary designs for loading the downtaper in the compression region have begun. 

The downstream half of the inner conductor in the downtaper will be loaded with the iden- 

tical structure used in the drift tube, while the upstream half of the inner conductor will 

most likely consist of a thicker lining of only CIAS material. The outer conductor liner will 

consist of a single layer of CIAS, with an increasing carbon content as one moves upstream. 

Calculations indicate that the most important frequencies for loading in the downtaper re- 

gion will lie in the 1-5 GHz range. Measurements performed over the past year indicate that 

both the dielectric constant and loss tangent of CIAS rise dramatically as the frequency de- 

creases through this range. In addition, at any fixed frequency in this range similar increases 

in dielectric properties can be obtained by increasing the carbon content. Some of these 

effects are due to the percolating nature of the conduction process in the CIAS materials. 

The standard carbon content employed in the drift tube CIAS is 0.23% by weight. In the 

downtaper, the carbon content will probably be as high as 0.6% in the front of the downtaper 
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and drop towards the standard level at  the downstream end. Additional flexibility in the 

outer conductor liner will be achieved by some vaxiations in liner thickness along the length 

of the downtaper. 
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