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SUM MARY

i

The program consisted of the following three tasks: TASK A, "Study of Transport and

Longitudinal Compression of Intense, High-Brightness Beams," (P.I., M. Reiser); TASK B,

"Study of Collective Ion Acceleration by Intense Electron Beams and Pseudospark Produced

High Brightness Electron Beams", (Co-P.I.'s, W.W. Destler, M. Reiser, M.J. Rhee, and

C.D. Striflier); TASK C, "Study of a Gyroklystron High-Power Microwave Source for Linear

Colliders" (Co-P.I.'s, V.L. Granatstein, W. Lawson, M. Reiser, and C.D. Striffler).

The major highlights of TASK A were: 1) completion of the Hughes electron gun (5 kV,

240 mA) emittance measurements including the evaluation of errors due to space charge;

2) significant progress in obtaining agreement between simulation and measurement for the

multiple-beam experiment; 3) development of a new theoretical model for predicting emit-

tance growth in mismatched and off-centered high-brightness beams; 4) modification of the

new gridded electron gun for the pulse compression experiment, measurements of the electron

beam emittance, and testing of the induction gap.

Highlights in TASK B were: 1) c6nstruction of a 100 crn long laser-controlled collective

ion acceleration experiment and completion of preliminary tests for two acceleration gradi-

ents; 2) further progress in our theoretical electron beam work supporting the collective ion

acceleration experiments; 3) successful studies of high-brightness electron beam production

at 50 kV (versus 25 kV before) in the pseudospark experiment.

Highlights in TASK C were: 1) the achievement of 3 MW of beam power in the two-

cavity gyroklystron configuration which represents an increase of a factor of 50 in the state

of the art; 2) completion of design and construction of the components for the three-cavity

amplification experiment scheduled to get under way in January 1991; 3) significant progress

• in code development in support of the experiment; 4) experimental and theoretical investi-

gation of phase variation due to voltage changes in gyroklystrons showing that this effect

is dramatically different from the variation in klystrons; 5) a collider scenario study (SAIC

collaboration) showing that a 100 MW gyroklystron power source at 20 GHz would provide

the most economic solution for a collider in the 1-3 TeV (CM) range.



I. Introduction and Synopsis

TASK A of this contract was concerned with studies of the physics of high-brightness particle

beams for advanced accelerator applications. Specifically, we were investigating_several ma-

jor effects that caused emittance growth and brightness deterioration such as nonlinearities

in either the applied or the space charge forces and instabilities. An important feature of

this work was the fact that the experiments were compared with theory and with particle

simulation studies by Irving Haber and Helen Rudd at NRL/Berkeley Scholars. This com-

parison provided an excellent check for the validity and accuracy of the simulation codes and

thereby established code credibility for design studies in areas where experimental testing is

either too costly or not available for other reasons.

Prior to 1988, our research concentrated on transverse beam physics, in particular on

understanding the limits and constraints affecting beam quality in long periodic focusing

channels. Most of this work was carried out with our 5-keV, 240-mA electron gun developed

originally with the collaboration of W. Herrmannsfeldt at SLAC and built by the Hughes

Company in California. The beam from this gun is injected into a 5-meter long focus-

ing channel built in-house and consisting of 36 periodically spaced solenoid lenses and two

matching lenses.

In 1988/89 we designed and built a new injector with a gridded electron gun and an

induction linac module. This injector produced short pulses with a velocity shear that

allowed us to study the beam physics of longitudinal compression. During the past year

the construction of this new injector and testing of the various components (electron gun,

three matching lenses, induction linac), all designed and built in-house, was completed. The

induction linac was designed to produce an energy shear (2.5 keV at beam front to 7.5 keV

at rear end) that resulted in longitudinal compression of the 50 ns initial pulse by a factor

of 3 to 5 at the end of the 5-m long focusing channel.

In Part II below, the progress made during the past 12-month period is summarized.

Section A describes the results of measurements of the Hughes gun beam emittance in a

special test stand. The effects of space charge and slit geometry on the emittance mea-

surement were analyzed and, for the first time, we have a very detailed description of the

beam produced by this gun. These measurements were triggered by discrepancies between

simulation and experimental data in our multiple-beam experiment, as described in Section

B. Our original simulation studies for the multiple beam experiment, as reported in the 1988

Phys. l_v. Letters article, showed good agreement on the beamlet merging process, but

not on the image formation. New simulation studies using an initial emittance two-times

larger than was first assumed, and a 10%higher magnetic field than that predicted from our
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somnoidal lens data produced remarkably good agreement with the phosphor screen pictures.

Our efforts during the past year to explain these higher numbers were partly successful, but

some differences still remain. Thus, according to the Hughes gun measurements, the initial

emittance should be somewhat higher than the factor two used in the simulation. At the

same time, we have not yet been able to fully account for the 10% higher magnetic field.

Progress on the various components of the pulse compression experiment is described

in Section C. A major time-consumip_ job that caused some delays in our schedule was

the replacement of the cathode and slall modifications to the electron gun. The old oxide

cathode was replaced by a dispenser cathode (we bought five of these new cathodes from

EIMAC/VARIAN). Dispenser cathodes can be used again after breaking the vacuum for

making required changes while oxide cathodes must be discarded. We have repeated pep-

perpot measurements to obtain emittance data for the modified gun with dispenser cathode.

One of the most important scientific achievements of our research program on high-

brightness beams has been the fact that it stimulated the development of a new theory

capable of explaining effects that were previously not understood. The major example is

the theory of emittance growth in beams with nonuniform charge density (Reiser, Struck-

meier, and Wangler, 1983184). This theory has since been confirmed in numerous particle

simulation studies and in our recent multiple-beam experiment. During the past year the

framework of this theory has been significantly broadened and generalized to include effects

other than space charge nonuniformity, such as beam mismatch and off-centering. This new

theory is discussed briefly in Section D, and a paper entitled "Free Energy and Emittance

Growth in Nonstationary Charged Particle Beams" has been submitted for publication to

Physica$ Review Letters.
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II. Research Progress

A. Measurements of Hughes Gun Characteristics

.X.[easurement of initial beam conditions such as beam expansion, current density profiles.

and emittance are essential for deriving accurate theoretical and numerical models. A small

diagnostic chamber for measuring these initial gun characteristics was designed and built last

year. The emittance meter used is of the slit/pinhole type. Due to space charge effects in

the measurement, the initial emittance data yielded inaccurate results. The value that was

determined was too high (116 mm-mrad). The quantitative effect of the space charge can be

estimated and is presented later. For those first measurements, the compensated emittance

was calculated to be approximately 98 mm-mrad (intrinsic emittance of 85 mm-mrad, and

corresponding growth of 1.15). In order to test this method of space charge compensation

and to get a trustworthy experimental value of emittance, a series of slits of various widths

were made and placed in the test stand chamber. By performing measurements with each of

these slits and linearly fitting the emittance values as a function of slit width, the zero slit

width (and hence zero space charge) emittance can be extrapolated. Finite geometry effects

also have an effect on measured emittance. This method of multiple slits has bee:: used by

others t to compensate for finite slit effects. We will later show that the geometrical effects

in this experiment are small enough to be ignored.

A diagram of the emittance measurement chamber is shown in Fig. 1. A pinhole/charge

collector located 45 mm from the anode measures the current density profile. A plot of the

normalized current density of a 5 kV, 245 mA full beam 45 mm from the anode is shown in

Fig. '2. Also included in the figure is the profile generated by the Herrmannsfeldt electron

gun simulation code, EGN.

The four vertical slits mentioned above are located 45 mm from the anode. A horizontally

sweeping charge collector (pinhole/Faraday cup) 135 mm from the anode allows the emit-

Tance to be measured via the slit-pinhole method. The slits are constructed from 0.05 mm

thick tantalum foil with slit widths 2X0 - 0.254 ram, 0.204 mm, 0.138 ram. and 0.055 ram.

In the collector plane, which is a distance L = 85 mm from the slit, a Faraday cup assembly

with a pinhole of diameter 2% = 0.1 mm scans across the beam in the z- direction. The

cup is mounted on an XYZ manipulator which, in turn, is driven by a computer-controlled

stepper motor. Figure 3 shows in schematic form a beam profile measured with the Faraday

cup pinhole when the slit is located at a distance x, from the beam axis and the distribution

is Gaussian in transverse angles z' = _/L. The mean angle z I = 77is defined by the peak of

the curve while the rms width of the distribution is measured by the parameter a as shown

in the figure.
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Figure 3" Schematic of the slit-pinhole method for emittance measurement.

An Apple IIe controls the stepper motor which employs independent closed-loop feed-

' ack to accurately drive the_pinhole/cup assembly to within 0.02 mm accuracy. The signal

from the collector is then displayed on a Tektronix 24:10 digital scope. The Apple, via the

GPIB bus, then reads and stores the current density for the present pinhole position before

proceeding to the next pinhole position. The functions _(r), r/(r), and n(r) defined below

can then be determined from the individual beam profiles. The normalized current density

is represented by n(r).

Following Rhee and Schneider '2, the beam distribution function f4(z,x'.y,y') can be

written as

n(r) exp(--(x'-rl(r)x/r)2--(Y'--9(r)y/r)2) (i)h = v/_X2,T_(r) 2_2(r) "

\Ve obtain f2(x.x') by numerically integrating fa(x.x',y,y') over y and y'. We can then

calculate < x: >, < x ''2 >, and < xx' >'2 and the effective emittance of the beam which is

,lefined as

_:4_.=4(',<x_><='_>-<=='>_)'I_. (_)
"['his analysis assumes that space ckarge and finite geometry effects are negligible in the

expansion of the sheet beamlets. If these sources of error are insignificant, each slit mea-

sttrement should result in the same emittance. If they are significant, the zero slit width

cmittance can be extrapolated from the data. In Fig. 4, the measured emittances are shown

plotted as a function of slit width along with a best linear fit (upper curve in the figure} to
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Figure 4: Plot of emittance vs slit width for the measured values, the space charge compen-
sated values using the 1-dimensional sheet beam, and K-V beam models.

the points. The other curves will be explained later. The nonuniformity of the measured

values is obvious. Thus, at least one of the above errors is present. The linearity of the data

suggests that only one of the error types domifiates. Analysis can approximately compen-

sate for these effects. Before doing that, however, note that the most reliable value of the

cmittance is the extrapolated zero slit width emittance. In this case, it is 97 mm- mrad.

?his corresponds to a growth over the intrinsic emittance (86 mm-mrad) of 1.13.

1. Finite Slit Effects

Fhe slit/pinhole technique and the subsequent data analysis described earlier assumes that

tile expansion of each beamlet between the slit and pinhole depends only on the velocitv

,listribution of the particles. In a well designed emittance meter this is a good approximation.

[[owever. unavoidable errors are introduced by the finite size of the slit and pinhole. In

;_ddition. a finite size sheet beam also has a finite current. This space charge causes additional

,,xpansion over that due to emittance. Thus, the measured distribution at the pinhole

,lepends not only on the velocity distribution, but on the slit width, pinhole size. and the

current density of the sheet beam. These three sources of error cause the measured emittance

lo be higher than the actual emittance. Careful analysis must be performed to compensate
['or these effects.
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The sheet beam can be modeled in several wavs. First. a 1-dimensional model can be used

when current and emittance are nonzero. The differential equation describing the envelope

of the sheet beam X,,, (here. X,,, is the total half-width of the sheet, as opposed to the rms

half width), is given by
2

V" ,'rK e, = 0. (:3)"--_'n

where R, is the radius of the full beam at the slit, K is the generalized perveance given by

2/,
K = Io(_7)a, (4)

where I, is the current of the sheet beam, Io = 17,000 A, d is v/c, and "_is the relativistic

energy factor, e_ is the total emittance of the sheet beam described by

e: = Xo _ (,5)V --Tgo'
where k is Boltzmann's constant, q is the charge of the particle, Vo is the accelerating voltage,

.k'o is the half slit width, and 7", is the temperature of the beam at the slit. This correctly

characterizes the initial beam as a sheet, but assumes an infinite long axis. This equation

l_as the distinct advantage of having analytic solutions when either the current or emittance
is zero.

The next model represents the beam as a drastically elongated 2-dimensional K-V ellip-

tical beam with envelope Xm and Y,_ described by the equations

2

.v;: - 2K _ =0, (0)
-\'m +gm ?(3 rrl

2

}.__ 2K, ___e'J =0. (7)x_ + _ _;_
.\gain /( is the generalized perveance, but the two emittances of the sheet beam are now
,lescribed by

e. = Xo,_ (s)
Y qVo

and

Fhe initial minor axis of the ellipse Xo corresponds to the width of the slit and the initial

tnajor axis Yo corresponds to the diameter of the full beam. These equations have the

;¿dvantage of characterizing the beam as having a finite length. On the other hand. the

beam is modeled here as an ellipse, not as a sheet.
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Lejeune and Aubert 3 estimate the finite slit effect by calculating the phase space area

that results when a zero emittance beam is measured by slit and ideal detector. The resulting

emittance would oe
2R,2Xo

xe = ,vL (10)

it, e. nonzero emittance beam, this finite slit emittance value would be subtracted from the

measured emittance to give a lower limit on the emittance. In our case, this is a very poor

estimate of the finite slit effect. We use the sheet beam analysis to better estimate this error.

if space charge is equal to zero, the 1-dimensional sheet beam equation has the analytical
solution

[ )1"x.,(_) = xg + 2XoXo+ kxg + Xo :_ (_1)
where X0 and ,_'_ are the initial conditions of the envelope. Since the slit samples upright

sections of the phase space of the full beam. the initial slope is zero and the solution at the

pinhole position {distance L between slit and pinhole) reduces to

x (L)= xX+2 oL j : gL t +
where g is defined as

g = ,/_1_ (13)
V 2qVo"

if Xo is much less than gL, the solution can be approximated as

( ]X,,,(K),_,gL 1 + _ k_- ] . (14)

Fhus, the second term in the brackets is the fractional increase in the envelope as a result

of the finite width of the slit. For half slit widths of 0.0275 mm, 0.069 ram, 0.102 mm and

0.127 ram. the percent increases in the envelope at the pinhole are respectively 0.04%, 0.3%,

0.6%, and 0.9%. The value for temperature T, used in this equation is derived from the

experimentally extrapolated emittance of 97 mm-mrad.

A more accurate method of predicting the finite slit effect is to perform a superposition

of point sources, each with a given velocity distribution, over the slit. _ From this. the actual

final beam density as a function of its width can be calculated. Assuming a XIaxwellian

velocity distribution with rms half width of a at the slit and uniform density n0 across the

slit. the density distribution n(x) at the pinhole plane is given by

n(x) =_- erf __)_7 ]-erf x/_.aL (15)
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where the error function is defined bv

Recent work by M. J. Rhee and R. F. Schneider s allows the actual rms value of the velocity

distribution to be easily calculated from the measured distribution. Using the extrapolated

emittance to derive the value of a, the percent increases in the rms width of the 0.0275 mm,

0.069 ram, 0.102mm, and 0.127 mm slits are respectively 0.02%, 0.2%, 0.5% and 0.7%. These

are slightly lower than the 1-dimensional model and more accurate. The values are so small,

however, that the finite slit has an almost negligible effect on the measured emittance.

2. Finite pinhole effect

Another source of geometrical error is caused by the finite size of the pinhole/Faraday cup

,letector. Lejeune and Aubert estimate this effect by assuming an infinitely thin sheet beam-

let of zero emittance is scanned by a pinhole of diameter d,. The measured phase space area

is finite and given approximately by

2Rodv
Ae = 7rL " (17)

Like the finite slit estimate, this value is subtracted from the measured emittance to give

a lower limit of emittance. Again, this is not an accurate estimate in this experiment. In

our case, the pinhole is small with respect to the expanded sheet beamlets. Furthermore,

the profiles being measured have no sharp density gradients. Thus, the pinhole provides an

accurate averaging process over a nearly linear range of the distribution t)eing measured.

['he pinhole effect can be calculated accurately by determining the current passing through

the pinhole at a certain location when the beam has a gaussian distribution (very nearly

true in this case).

The current detected at each pinhole location st is

l_ = [_,+",. [x/'_, +_:_
.'_,-.. J_;_ n(x.y)dx dy (18)

where

n(x,y)=noexp _ (19)

is the sheet beamlet density at the pinhole. This reduces to

I, = f]''+"" 2nok/r _ - (st - x )2exp \ _ ] dx. (20)•.,31 --rp
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By evaluating the integral at many locations of st, a density profile can be generated. Fitting

this profile to a gaussian reveals an increase in rms width of approximately 0.1% over the

range of measured values of gaussian rms width a. Thus, like the finite slit effect, the finite

pinhole effect has negligible effect on measured emittance.

3. Compensation for space charge

Compensation for space charge in the sheet beamlets is accomplished by modeling the beam-

let as a 1-dimensional or as a 2-dimensional beam. In order to simulate the sheet beams,

it is necessary to make several assumptions. The current density must be derived from the

normalized current density profile in Fig. 2. Since all models assume uniform current den-

sity, and the profile is measured across the center of the beam, the current density at the

beamlet center is u_sed in the simulations. Since the actual beamlets are not uniform, this

is a possible source of error. The temperature of the beam used to calculate the simulated

.-:heet beam emittance is estimated in the following way. The temperature of the simulated

beamlet is varied until its rms width at the detector plane is equal to the rms width of

the measured sheet beamlet. The simulation is again run with the space charge term set

to zero. The resultant rms width of the simulated profile at the pinhole is the modified in

this way. The results of the modifications are shown in Fig. 4. Note that for both the K-V

model and 1-dimensional model the compensation is not sufficient, though the 1-dimensional

model seems to be the better of the two. These discrepancies have several possible explana-

tions. First, these models are not exact. They assume uniform density of the sheet beamlets.

Though this is true over the widths of most of the beams, the density gradient becomes quite

large at the beam edge. In addition, the sheet beamlets are no_ uniform along their lengths.

These models use the current density at the point where the pinhole sweeps across the sheet

I_eam. When the slit is sampling near. the center of the full beam, regions of high current

density surround the lower current density region at the sheet beam center. As the sheet

beam propagates, the regions of higher current density will flow into the regions of lower

current density. This would cause an increase in the measured width of the sheet beamlets

that would not be present in the simulated beamlets. With regard to the experimental ap-

paratus, perhaps there is some effect that has not been adequately taken into account, such

secondary emission of the slit plate or aperture lensing of the slit, that is causing the

beamlets to diverge more than they should. All of these possibilities are being explored.
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Figure 5: Schematic of the multiple beam experimental set up.

B. Multiple Beam Experimem; Update

Theoretical and numerical studies have shown that nonuniform charge distribution is a ma-

jor cause of emittance growth in focusing channels. In 1987, we began an experiment to

investigate this emittance growth, s The nonuniform charge distribution we chose to study

was a five-beamlet configuration formed by masking out a solid round beam. The beam was

propagated along the transport channel (consisting of 36 solenoid lenses) where numerous

pictures were taken using a CCD camera. The five beamlets were found to merge rather

quickly in a distance of about 15 cm, as predicted by theory. Surprisingly, however, at a

distance of 101 cm from the aperture plate, an image of the initial distribution was detected

on the phosphor screen. No other image was found further down the channel. At the end of

the channel, the beam was perfectly round showing no spatial structure, and the emittance

was measured using the slit/pinhole method described in the previous section. Figure 5

illustrates the experimental set-up of the Multiple Beam Experiment. This experiment was

completed in the spring of 1988. Particle simulation studies done in I9$8 confirmed the

merging effect, but there was very poor agreement with experiment on the image formation.

Further particle simulation studies performed last year produced remarkable agreement with

the experimental data. Despite the improved agreement, several inconsistencies between the

improved simulation 'and the experimental data remained and have been the subject of this

year's study.
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The simulations were done by I. Haber (NRL) and H. Rudd (Berkeley Scholars) using the

self-consistent 2-D particle-in-cell code SHIFT-XY. _ The initial emittance of the five-beamlet

configuration is given by the equation

( 2kT_ ,/2

where

R_ = [a2 - 1.662] = 4.67 mm. (22)

Here, T is the temperature of the beam at the aperture plate, R_ is the initial effective

(2 × rms) radius of the five-beamlets, a = 1.19 cm is the beamlet radius, and 6 = 3a is the

separation distance between the beamlet centers, as shown in Fig. 5.

The magnetic field produced by a lens was represented by an analytical fit to the measured

field profile on axis and Taylor expansion was used to obtain the nonlinear off-axis fields.

"['he analytic on-axis field equation is given by

_5 2or.
B(z) = Bo • (23)Z2

1+_"

In this equation, a and b are fitting parameters and Bo is the peak field value. The discrep-

ancies in the simulations center around the value of temperature T in equation (21) and the

values of Bo, a and b in equation (23).

In the original simulation studies that yielded poor agreement, the values of Bo, a, and

b used were 83.2 gauss, 4.4 cm, and 2.29 cm, respectively. The initial temperature at the

aperture plate used was the temperature of the cathode. It has been since recognized that

the beam undergoes a compression of approximately a factor of two between the cathode

and the aperture plate. As a result, there should be a corresponding increase in temperature

by a factor of four and of the emittance by a factor of two. The value of emittance used

in the original simulation which did not take beam compression into account was 32.4 mm-

mrad. By including the beam compression effect, one obtains the more accurate value of

, •_4._ mm-mrad for the initial emittance of the five-beamlet configuration.

Even with this improved value for emittance, the simulation results remained poor. The

location of the image and the beam rotation per period in the simulation did not match

the corresponding image location and rotation in the experiment. The beam rotation can

be inferred from the phosphor screen pictures, which are especially clear at and near the

image location of 101 cm downstream from the anode. When calculating the B0 necessary

to produce the observed rotation, it was found that by increasing the value of Bo by 10%

(i.e. from 83.2 gauss to 91.5 gauss ), very close agreement between simulation and experiment

occurred.
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Using the initial emittance value of 64.8 mm-mrad and Bo = !)1.5 gauss yielded the

excellent results shown in Fig. 6 and Fig. 7. Figure 6 and Fig. 7 show phosphor screen

pictures of the beam and the corresponding shade plots from the simulation at z = :1.4 cm.

17.0 cm, 30.7 cm, 44.3 cm, 71.5 cm, and 101 cm. The pictures at 30.7, 44.3. and 71.5 cm are

taken at the midpoint between lenses M2 and C1, C1 and C2, and C3 and C4, respectively.

Lens M2 is the second matching lens, lenses C1, C2, C3, and C4 are the first through fourth

diagonal lenses. The picture at 101 cm is the position of the beam image. The improvements

in the simulation results were mainly due to modifications in two of the system parameters

- emittance and magnetic field. During this past year, we have attempted to investigate not

only the magnetic field discrepancy but also some additional questions concerning the initial

emittance.

1. Magnetic field

There are several problems concerning the analytic equation used to model the magnetic

fields in the multiple beam experiment. First, each lens is not exactlv identical. There is

a statistical deviation from the ideal lens model that would average out over many lenses.

Unfortunately, the image appears after passing through only seven of these magnets. Thus, it

is possible that this model does not accurately predict the electron beam's passage through

the channel. Another problem exists in the inaccuracy of the analytic equation itself in

modelling the on-axis fields that are greater tha:n about 4 cm from the magnet center. The

actual fields die off more slowly than the fitted field. This additional field can potentially

cause extra focusing and rotation of the beam. Thus, the fitted field model underestimates

the focusing of each solenoid.

At this point in the experiment, disassembly of the entire channel in order to measure

each individual solenoid is not possible. Therefore, a study of a solenoid considered to be

identical to the ones used in the Multiple Beam Experiment was performed. IIowever, the

magnetic field of the solenoid was measured on axis. The measured on-axis magnetic field

/3._(')was found to have a peak field of 82.3 gauss at the magnet current used in the

multiple beam experiment. This is even slightly less than the 83.2 gauss assumed for the

original experiment and simulation. The new field measurement, therefore, did not provide

the 10% increase required to explain the image rotation. Let us now examine the beam

rotation found in the experiment.

It was discovered in the multiple beam experiment that the beam rotates 365 ° 4-5 °

l)etween - = 0 cm (aperture plate) and z = 101 cm. The rotation caused by each lens can
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Figure 6: Phosphor screen pictures and simulation point plots show the separate beamlets

at 3.4 cm, the merged beam at 17 cm, and the beam at the channel entrance at 30.7 cm.
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Figure T' Phosphor screenpictures and simulation shade plots show the beam waists at 44.3

cm and 71.5 cm, and the image at 101 cm.
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I)e calculated from the paraxial equation

0-00=/'o (-qB(z)27rno/3C+ P°m°c'37r2) dz (24)

where 00 is initial angular position, mo is mass of an electron, c is the speed of light, and

pa is the canonical angular momentum. During the multiple beam experiment, the current

through the two matching lenses and the channel lenses were measured with the same meter.

Thus, it is safe to assume that the ratio of the field peaks with respect to the channel lenses

are the same as the ratio of the currents through the lenses. The ratio of matching lens 1 and

'2 currents to channel current is 0.989 and 0.891, respectively. The beam travels completely

through five channel lenses and then to within 5.8 ¢m of the center of the sixth channel lens

to form the image. Recall that the period of the channel is 13.6 cm. The total rotation of

the beam at the image plane is therefore closely calculated by

[_ q(0.989 + 0.891 + 5)B(z)dz V s.. qB(=)dzOT= + (25)J_L 27moJ3C J-L 27moJ3C

Since we already know the value of OT, we can calculate the value of the peak field of B(z)

necessary to rotate the beam by an angle of OT. By normalizing the magnetic fields, the

integrals can be calculated numerically for both the measured field and the analytic field.

The value of the peak field B0 is calculated as the ratio OT/ON where 0N is the value of OT

when the magnetic fields used in the equation are normalized. Using the integration limit L

= 8.9 cm, where the field has dropped to almost zero value (see Fig. 8a), the value of 0N for

tile measured field is 744 radian/Tesla. Thus, the value of B0 for the measured field would

have to be 85.6 gauss in order to generate the measured rotation. Using the same value of L

for the analytic field. 0,_ is 689 radian/Tesla and B0 is 92.5 gauss. This is quite close to tile

value used in the simulations (91.5 gauss). These results show quite clearly the inadequacy

of the analytic model. However, since the peak of the test solenoid at the multiple beam

operating current is measured as 82.3 gauss while the multiple beam rotation indicates a

peak of 85.6 gauss, the magnetic field problem is still not fully explained.

In an effort to find a more accurate equation to represent the measured field, a new fit

was tried. Maintaining the same form as in equation (23), a new analytic field B2(") was fit

to the measured field (called here B,_) by adjusting a and b such that

/? /?L B_(z)dz = B_(z)dz (26)L

and the peaks were assumed to be identical (i.e. 82.3 gauss). This method of fitting was used

because the average focusing strength _: of a solenoid is proportional to the integral of tile

square of the magnetic field. The values of a and b were found to be 44.24 mm and 25.14 mm
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Figure 8: a) Plot of on-axis magnetic field for the measured test magnet field B_, fitted field

/?2, and original analytic fit B1. b) Plot of axial field 9.7 mm off-axis for the three fields in

part a).
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respectively. The measured field, the new fitted field, and the old fitted field (called Bl(z))

are shown in Fig. 8a. The ratio of the focusing strengths is 1.04. This implies that, in order

for the focusing strengths to be equal, the amplitude of Bl(z) would have to be increased by

2%. Off-axis axial fields generated by Bl(z), B2(z), and the corresponding measured field

are shown in Fig. 8b.

Table 1 summarizes the comparison between the different magnetic fields under discus-

sion: the measured field B,_, the original field B1 that resulted in poor agreement, the field

B, im used in the simulation (see Fig. 6 and Fig. 7) that resulted in good experimental agree-

ment, and the new fitted field B2. Except for Bsim, the values of Bo shown are the ones that

correspond to the multiple beam experimental conditions. In the case of Bsim, B0 is simply

10% higher than the original field B1. The zero current phase advance ao was calculated

,lsing the equation.

= -[_/2 d.s (27)
_o J-,/2 w-'i

where w is defined by

w" + 2rnoc_7 ] w - w---5. = 0 (28)

Initial conditions w0 and w_) were determined by satisfying matched beam conditions aad

B(z) was determined by equation (23). It is defined here for later reference. The averages

of the square of the fields (proportional to the focusing strength x) defined by

1
B2(z)dz (29)

(B2)vg = L"s-LI2

are calculated with L = 17.8 cm for the on-axis fields and 12.0 cm for the off-axis fields.

.\lso shown are the beam rotations through one lens caused by each field, and the total

beam rotation through the channel to the image plane. Notice that there is substantial error

in the focusing strengths of the analytically generated fields. The rotation of the beamlets

over a single channel period can be measured through the sixth channel lens (- = 98.3 cm

to - = 112.3 cm) to be 52° _-I °. Unfortunately, the resolution in angle is not fine enough

to differentiate the different cases. With respect to the beam rotation, the field used in the

simulation agrees well with results of the multiple beam data but the agreement breaks down

when comparing the average squared field with that of the measured test solenoid. The new

_neasurements show improvement over the original field Bl, but substantial discrepancy still

remains. Despite this, the matching of the beam rotation gives strong justification to the

i0% increase in the field that yielded poor results and it is this result that can be most

trusted. The presence of some gross error in the channel solenoid currents or some other

parameter, though not likely, is always a possibility.
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TableI:Summary ofthecomparisonbetweenthedifferentmagneticfieldsunderdiscussion:

themeasuredfieldB,,,theoriginalfieldBI thatresultedinpooragreement,thefieldB,im

usedinthesimulation(seeFig.6 and Fig.7)thatresultedingood experimentalagreement,

and the new fittedfieldB2. ExceptforB,_, the valuesof Bo shown are theones that

correspondto themultiplebeam experimentalconditions.InthecaseofB,im,Bo issimply

10% higherthan theoriginalfieldBI. Shown are valuesofao and averagesquareofthe

magneticfieldon and off-axis.Alsoshown arethe beam rotationsthroughone lenscaused

byeachfield,and thetotalbeam rotationattheimage planeofeach.

B,. B, B,i,. B2

Bo [gauss] 82.3 83.2 91.5 82.3

ao -- 68.9 ° 76.3 ° 70.4 °
I

i'

(B2)_,vs[gauss 2] 1347 1289 1560 1347

(r ---0 ram)

(B2),,, [gauss 2] 2124 1962 2_)374 2079

(r : 0.7 mm)

01era 50.0 ° 47.7 ° 52.5 ° 50.0 °

0im,,e 344° 328° 361° 344°
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2. Initial Emittance

Though good experimental agreement was attained by increasing the magno.tic field, an-

other inconsistency exists in the simulations and involves the initial emittance. When the

simulations were first done, the radius and emittance of the beam at the aperture plate had

apt been accurately measured. Thus, the intrinsic emittance was used and a compression

of exactly two between cathode and anode was assumed. This initial emittance value was

64.8 mm-mrad and, when used with the 10% increase in magnetic field, yielded excellent

results. With the completion of the test stand measurements, fairly reliable values for both

the initial beam radius and temperature were established. Thus, a more accurate value of

emittance for the five-beamlet distribution can be derived.

The test stand measurements discussed earlier determined the emittance of the full beam

to be 97 mm-mrad 45 mm from the aperture plate. To apply this to the multiple beam

experiment, we want to deduce the temperature of the beam at the aperture plate. To do

so. first calculate the average temperature of the beam at 45 ram. The effective radius of

the beam is given by

R = (30)

R_ can be calculated numerically from the beam profile (see Fig. 2) to be 4.85 mm.

This corresponds to Rs = 6.86 ram. Assuming the emittance of the beam is accuratel),

described by

the average temperature of the beam can be calculated as 0.496 eV. The beam radius at the

aperture plate was measured last year to be 6.1 mm. This corresponds to an effective radius

R_ of about 6.0 mm. Assuming there is no emittance growth between the aperture plate

and the slit, the average temperature at the aperture plate kTa can be calculated as

(32)

where T_ is the beam temperature at the slit. This yields a value of 0.648 eV. The measured

temperature of the cathode was 0.115 eV. This corresponds to an emittance growth of 1.12.

like the emittance measurement. The cathode temperature in the multiple beam experiment

was 0.122 eV. Assuming the beam radius at the multiple beam aperture is the same as in

the test stand (good assumption since the beam is highly space charge dominated) and the

emittance growth is identical to that found in the test stand, the effective emittance of the

five-beamlet distribution can be calculated to be about 76 mm-mrad.

Such a change in emittance has a substantial effect on the location of the image. The

theory of emittance growth due to space charge homogenization s'9 predicts an emittance
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growth of

e, _ + - (aa)

orthealternateform

e/ 1 + . (34)
J

where o0 is the phase advance of particle trajectories per period with no space charge, a is the

phase advance per period with space charge, and U/wo is a dimensionless quantity depending

only on the shape of the nonuniform distribution. In this experiment, U/wo = 0.2656. For

the simulation that yielded close experimental agreement (i.e. 10_ increase in Bo and e;

= 64.8 mm-mrad) the emittance growth was i.55. This corresponds to a final emittance

of 100 mm-mrad. The measured emittance at the end of the channel (520 cm downstream

of aperture plate) is 108 mm-mrad :i= mm-mrad. With regard to the final emittance, the

simulation and experiment agree quite reasonably in view of the extra emittance growth

expected from nonlinearities of the solenoids and beam offset.

One interesting fact arises from the formation of the image of the initial distribution.

From simple particle optics, an image is formed at the half betatron wavelength of the beam '

particles. An equation for the image locations z_ as a funcuon of period length S and phase

advance per period with space charge a is easily derived.

n_rS
z_= --- (35)

O"

[[ere n = 1 is the first image, n = 2 is the second image and so on. Since the image position

is known from the experiment to be 101 cm, the value of a can be easily calculated as 24.'2°.
t

[his value is true for both experiment and simulation. From smooth approximatiou thcor.v l°.

a value for emittaace can be calculated from the equation

- -- . (36)
[I-

Forthesimulationwhichyieldedthegood results,witha = 24.2°,I(= I.$77x I0-:}.S =

0.136m. and ao = 76.3°.thevalueofemittanceturnsout tobe67.6mm-mrad, whichisvery

closetotheinitialemittanceof64.8mm-mrad. Thisseems to indicatethatthe particles

thatformtheimage havenotyetexperiencedernittancegrowthdue tothehomogenization

o[spacecharge.Ina parameterrangewheresmooth approximationtheoryisaccurate,this

providesan accuratemethod of determiningthe initialemittance.Note thatthesecond

imagedoesnot form.The simulationclearlypredictsthatno additionalemittancegrowth

occursafterthatpredictedby spacechargehomogenizationtheory.Thisgrowthoccursin

approximatelya quarterofa plasmawavelength.Inthisexperiment,theemittancegrowth



A '22

occurs within 17 cm of the aperture. The presence of a first image and absence of any others

indicates a longer time scale for further spatial homogenization that is not accompanied by

emittance growth.

Since there is some doubt as to the veracity of the experimentai value of B0, it is in-

teresting to see the effect of both focusing strength (_o) and emittance on image location

using the smooth approximation theory. The phase advance with space charge is given by

the equation

where
KS

u = ----- (38)
2O'oe,

It is obvious that, with regard to image position, the two variables behave very similarly.

Increase in either ao or el causes the image to move closer to the aperture plate. Thus. if the

image position is to be held constant and the focusing strength is increased, the emittance

must decrease and vice versa. If the parameters used in the simulation are input into these

formulas, the predicted image location is 105 cm. Since a sharp image appears from about 98

cm to 112 cm, this is quite an acceptable value. Assuming the initial emittance derived from

the test stand (76 mm-mrad) and the value of ao that results in acceptable beam rotation

(76.3°), the image location is predicted as 92 cm. This is not seen experimentally.

Thus, a dilemma has been reached which at this point has not been resolved. Rotation of

the beamlet image dictates a certain value of the magnetic field (10% increase over previous

values). According to experimental measurements, on the other hand, the initial emittance

used in the simulation appears to be too low by about 12%. Smooth approximation theory

predicts that only one of these values can be !increased and still maintain the correct image
location.

More extensive multiple beam experiment,_ are planned for next year. Hopefully some of

these discrepancies can be solved. In addition, future work is planned to study the regime

where estimation of the initial emittance via image formation remains accurate.

C. Longitudinal Pulse Compression and Instability Experiment

Considerable progress has been made in the effort to improve the performance characteristics

of the new electron beam injector and its components. Notable achievements over the past

year are as follows:
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1. Preliminary test of the new electron beam injector

The new electron beam injector, which consists of the variable-perveance gridded electron

gun, three matching lenses, and the induction acceleration medule, was assembled and pre-

liminarily tested last spring. The results were reported at the American Physical Society

Conference, April 16-19, 1990, in Washington, DC.

2. Electron gun improvements

The design of the variable-perveance gridded electron gun and its general performance char-

acteristics were described in detail in last year's progress report. Since the cathode assembly

ML-EE55 used for the gun was no longer available and had to be replaced by a new product,

substantial changes and performance improvements were made on the gun. Here is a list of

the main points.

1. The old ML-EE55 oxide cathode was replaced by the Y646B dispenser cathode. The

Y646B cathode assembly also has a planar triode configuration consisting of the heater.

cataode, and grid. The cathode is an indirectly heated disc of area 0.5 cm _, smaller

than that of ML-EE55. The Y-646B has 40 × 40 woven wire mesh grid with spacing

150 microns at a wire size of 1 mil diameter.
i

2. The distance between the grid and the focusing electrode was reduced from the original

1 mm to about 0.13 mm. This has dramatically improved, without worsening the

problem of the thermal expansion and conductivity in the structure, the field uniformity

in the region before the grid and has increased the beam current controlling sensitivity

of the cathode-grid pulse.

3. The anode was shaped to conform to the ideal Pierce geometry at the A-N gap of four

times the cathode radius. This is the position close to the operating condition for the

pulse compression experiment. This position should theoretically produce parallel [low

and result in the minimum emittance.

4. The A-K gap was modified to range from 0.93 cm to 2.3 cm, which results in the gun

perveance ranging from 0.22 × 10-6 to 1.35 × 10-8 A V-3/2. It is common practice to

regard a beam as space charge dominated if its perveance is above 1 microperv. This

is the case in the improved gun performance.

5. The original differential Rogowski coil was replaced by an integrating one. This allowed

direct measurement of the beam current without the external amplifier and integrator.



A24

i

160 - '......

"40 -

120 -

100 -

_ 80-

60-

40-

20-
!I I I I

2 3 4 5 6
Vkv

Figure 9: Beam current versus anode voltage where the smooth curve is from Child's law.

A simple filter was employed to smooth the output signal of the coil. Though this

slowed down the rise time of the signal pulse, the amplitude of the coil output signal

has a linear relationship with the magnitude of the beam current.

Figure 9 shows the current as a function of the anode voltage, and Fig. 10 plots the beam

current as a function of the A-K gap. In comparison with the previous results, much higher

current and better agreement with the theory was achieved in the improved gun performance.

Besides the improvements of the hardware of the gun, theoretical study oa the beam

,:tlfittance measurement by pepperpot method was also made. The result is reported in

;t paper entitled "Beam Emittance Measurement by Pepper-pot Method." which will be

submitted for publication The emittance measurement for

the beam is underway and the new rosults from this analysis will be reported elsewhere.

3. Induction linac testing

The induction acceleration module testing was completed last summer. The test results were

presented at the 1990 Linear Accelerator Conference, September 10-14, 1990, Albuquerque.

NM. A paper entitled "Design and Performance Characteristics of a Compact [nduction

Acceleration Module for Longitudinal Pulse Compression Experiments," which details all

the aspects of this device, has been accepted for publication in Nuclear Instruments and

Methods in Physical Research, Section A
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Figure 10: Beam current versus A-K gap where the current is measured at a fixed anode

voltage and the smooth curve is generated from Child's law.

4. Beam matching studies with computer code

A modified K-V code has been used to simulate the beam transport property for the com-

pression experiment, which takes the induction linac and all matching lenses into account•

Since the beam has an energy (i.e., velocity) spread while focusing conditions are fixed, it is

actually impossible to match the whole beam. However, there exist some operation condi-

tions at which the whole beam, varying with the energy from 2.5 to 7.5 keV, is mismatched,

but still can be confined through the channel. The simulation results are shown in Fig. 11.

5. Resistive-wall instability study

The resistive wall instability concerns beam physics in many applications such as heavy

inertial fusion by induction accelerators. We have found we are in a unique position to

study this phenomena experimentally using our electron beam injector with some _sociated

facilities. Over the last few months the effort was made to understand theoretically the

tnechanism of the instability, to design the experiment, and to produce a beam transport pipe

with resistive-wall. A paper entitled "Experimental Study of the Longitudinal Instability

for Beam Transport," which describes this resistive-wall instability, was presented at the

International Symposium on Heavy Ion Inertial Fusion, December 3-6. 1990, in Monterey,

CA.
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' D. Theoretical Studies

The "_dvancedaccelerator applications, such as linear colliders, free electron lasers, heavy ion

inertial fusion, and high brightness H- beams for the SSC or defense, require high-brightness

beams that are pushing the state of the art. One of the key issues is to obtain an under-

standing and control of all effects that cause emittance growth. Our research program at

the University of Maryland has played the leading role in identifying space charge nonuni-

formity as a major culprit for the significant emittance growth observed in experiments and

accelerators with high brightness beams. Nevertheless, several other effects, notably beam

mismatch and off-centering, known to also cause emittance growth, had so far not been

explained by a self-consistent theory of high-brightness beams. In what can be considered a

major breakthrough, we have succeeded during the past year to close this gap.

The crucial starting point for this new theoretical model is the recognition that the

stationary (equilibrium) beam in a focusing channel or accelerator is characterized by two
,:onditions:

1. There is a balance between the average (rms) applied focusing forces and the repulsive

rms forces due to space charge and emittance.

2. The total transverse energy (transverse kinetic particle energy + potential energy due

to the applied _orce + space-charge field energy) is a minimum.

Any difference from this stationary state, such as mismatch of the density profile, mismatch

in rms radius or transverse rms velocity and off-centering, increases the total transverse

energy of the beam. The additional energy AE constitutes "free energy" which can cause

(:mittance growth. Our new model provides the relatively simple mathematical relations for

calculating AE and for determining the possible emittance growth resulting from AE. The

key feature in our model is that we do not attempt to solve the highly nonlinear equations

describing the internal particle dynamics of a nonstationary space-charge dominated beam.

(To a large extent this attempt has so far been unsuccessful and beam dynamicists rely almost

exclusively on particle simulation to study the physics. From such simulation, however, it

is known that nonstationary beams tend to evolve towards a final stationary state with

increased emittances.) Instead we use average force balance and energy conservation to

obtain the phase space boundaries within which the particle distribution must be confined.

Our model provides the analytical framework that explains this effect and, moreover, gives

an accurate estimate for the emittance growth that occurs as the beam converges towards

the final stationary state. The new theory is presented in a paper entitled "Free Energy

and Emittance Growth in Nonstationary Charged Particle Beams," which was submitted for

publication to Physical Review Letters
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TASK B

Study of Collective Ion Acceleration by Intense Electron Beams

and Pseudospark Produced High Brightness Electron Beams



I. Introduction and Synopsis

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

pulsed-power electron beam systems and their application to advanced accelerator concepts.

In particular, work supported under Task B focused around two experimental projects;

the laser-controlled collective ion accelerator and studies of high-brightness electron beams

produced in pseudospark discharges. Although progress on the laser-controlled collective

accelerator was steady and encouraging to date (see section II.A), our quest for even higher

accelerated ion energies was hampered by the voltage and pulse duration capabilities of our

existing intense beam sources. Based on experiments conducted on pseudospark devices in

our laboratory over the past two years, we believe that this new class of high-brightness

electron beam source may have important applications in such diverse areas as linear collid-

ers, free electron lasers, rf sources, high power switching systems, and materials processing.

in fact. our experiments indicate that high-brightness beams can be generated with current

densities of 103 to 106 amps/cm "_,orders of magnitude higher than competing low-emittance

electron sources. A more complete introduction to this area of research is included below.

A. Laser Controlled Collective Ion Accelerator Experiments

In these experiments, control over the motion of a virtual cathode at the front of an intense

relativistic electron beam was achieved by an ionization channel generated by the time se-

quenced formation of plasma clouds along the drift tube. This time-sequenced ionization

channel allowed for beam neutralization and propagation in a controlled manner. Extensive

experimental work was completed on a 50 cm long system in which beamfront control and ion

acceleration was demonstrated at an effective accelerating gradient of 40 MV/m. Attempts

to accelerate ions at a higher accelerating gradient of 90 MV/m in this system were unsuc-

cessful. Numerical simulations indicated that we are unable to maintain a sufficiently high

electric field at the moving virtual cathode to accelerate with this gradient. Over the past

year, a 100 cm experiment was designed with the aid of our numerical simulation code, con-

structed, optical system tests completed, and beamfront control confirmed for two different

accelerating gradients. These studies are detailed in section II.A.

Additional theoretical studies verified the existance of an equilibria between co-moving

electron and ion beams. The Bennett profile of each species was examined with respect to

the ion hose instability.
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B. Pseudospark Discharge Experiments

During the last decade, considerable research has been conducted on pseudospark discharges

ofthe typefirstexploredby Christiansenand Schultheissin1978.l Interestinthisnovel

dischargeconfigurationhas beendrivenby potentialapplicationsofsuchdischargestosuch

areasashighpowerswitchdevelopment.Inaddition,theobservationofhighcurrentdensity

electronbeams generatedbysuchdischargeshasspurredinterestintheirpossibleapplication

ashigh-brightnesselectronbeam sourcesforsuchdiverseusesaselectronbeam lithography

and plasmaprocessing,forexample.Moreover,thedevelopmentofnovelcoherentradiation

sourcessuch as the FreeElectronLaser(FEL) and the challengesfacedby designersof

next-generationlinearc9lliderhavespurredrenewedinterestinnew methodsforproducing

low-emittance,highbrightnesselectronbeams. Both FELs and electron-positroncolliders,

forexample,requireelectronbeams ofexceptionallylow emittance,highbrightness,and

low energyspread.Other applications,suchas highpower microwavetubeswould also

clearly benefit from the development of new high-brightness beam sources, particularly if !

total beam current and energy could approach that currently achieved in high power pulse
line accelerators.

To date, most electron beams for such applications are produced either by thermionic

diodes, where beam quality can be kept reasonably high but current density is usually limited

to values below 20 A/cm 2, or by field emission diodes where current density can be orders

of magnitude higher but high beam quality is difficult to achieve. During the last decade,

however, electron beams with high current density have been generated in pseudospark

discharges of the type first explored by Christiansen and Schultheiss. In an experiment in

our laboratory, for example, we measured the emittance of such a beam and found that

the associated brightness was extremely high, as discussed in section II.B. If our results

and the beam qualities already demonstrated in other low voltage pseudospark devices can

be maintained as they are scaled to higher beam energies and currents, it is clear that

pseudospark discharges may be the key to the production of high power, high-brightness

electron beams for a wide variety of potential applications.

Pseudospark discharges are unusual in that they operate on the low pressure side of the

Paschen breakdown curve minimum, as shown in Fig. 1. Since breakdown in any device

exhibiting Paschen behavior is a function of the product of ambient pressure and electrode

spacing, operating on the low pd side of the Paschen minimum means that the breakdown

voltage is actually lower for long electrode gaps than for short ones. Consequently, pseu-

dospark devi'es are designed to initiate breakdown along the longest path length available

between the two electrodes, as shown in Fig. 2. Although they were first studied as potential
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Figure 1: Typical Paschen curve

electron and ion beam sources, _,_seudosparkdevices have for the most part been in"estigated

as attractive alternatives to present high cur_'ent switches such as thyrotrons, and indeed

their performance in this area has been extremely promising.

1. Historical background and principle

The "pseudospark" phenomenon was first reported by Christiansen and Schultheiss I in 1978 i

as a fast low pressure gas discharge which occurs in a special device, called a "pseudospark

chamber". The breakdown time of this discharge was found to be similar to that of a high

pressure spark gap although the two mechanisms appear to be totally different. 2'a A single-

gap pseudospaxk chamber consists of an anode with a center hole and a hollow-cathode, with

both electrodes separated by a thin insulating washer, as shown in Fig. 2.

The pseudospark chamber is perhaps best described as a combination of a restricted linear

discharge geometry and a hollow cathode. The breakdown time depends on the operating

point on the breakdown curve, i.e., fast break_lown occurs at higher voltage (lower pressure).

In typical operation a characteristic breakdown curve similp,t to the Paschen curve for parallel

electrodes is obtained. The pseudospark is initiated on the left side of this breakdown curve.

In this regime the gas discharge occurs along the longe,,_t possible path which, in the case

of a pseudospark geometry, is found on the systeni axis. The voltage holdoff capability of

one gap is limited to 40 to 50 kV due to the onset of surface flashover and field emission.
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This holdoff voltage, however, can be enhanced by adding additional stacks of intermediate

electrode and insulator discs forming a multigap chamber, as shown in Fig. 3.

Although the pseudospark phenomenon was discovered more than a decade ago, its mech-

anisms are still not fully understood. Some of the most interesting information has been

obtained through spectroscopic observations, z3 The discharge starts with a high impedance

Townsend predischarge, which lasts for a few microseconds before the main breakdown oc-

curs. A light emitting zone has been observed, starting from the anode and moving toward

the cathode with a constant velocity of about 1 cm/ps measured in 150 retort of argon

gas. The current rises from 10 A to a few hundred A until a stationary high voltage glow

discharge with constant current is achieved. At this point the light emitting zone becomes

stationary at a distance of a few mm in front of the cathode. During the predischarge, a

high reduced electrical field strength E/n (where E is the electric field and n the particle

density) of over 10-t4 V cm2 is produced resulting in high energy runaway electrons. This

explains the electron emission through the anode hole during the predischarge. At the same

time positive ions drift toward the cathode creating a positive space charge region.

When the positive space charge on axis at the cathode hole reaches a critical value, the

hollow cathode discharge is ignited and the main discharge takes place. Ionization waves

moving into the hollow cathode at velocities of approximately 10s m/s are observed. The

light intensity in the gap between the anode and cathode rises and an intense electron beam

is ejected at the anode. When the voltage drops, within about 10 ns, the current rapidly rises

at a rate of up to 8 xl0 _1 A/s and current densities exceeding 10s A/cm 2 are observed.4

These extremely high current densities in a glow discharge are inconsistent with a cold

cathode emission process, and could possibly be attributed to field enhanced emission from

the melted electrode surface,s The first numerical simulation results of the pre- and early

main discharge phases of the pseudospark were reported_ recently.

It is possible to trigger the main discharge in the hollow cathode region with subnanosec-

ond jitter, without the long predischarge, when a sufficient amount of charge carriers is
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' provided in the hollow cathode. This can be achieved either by initiating a surface flash

over, r by providing a pulsed glow discharge s or illumination with UV-light. 9

The pseudospark discharge was initially introduced as a novel type of charged particle

beam source for electron and ion beams, t and pinched electron beams with current densities

up to 106 A/cm 2 and power densities up to 109 W/cm 2 have been observed, r In addition to

applications mentioned previously, such high-power electron beams can be used for material

processing (for example drilling holes in metal targets or evaporation of semiconductors

and isolators to produce layers of high temperature superconducting materialsl°). With the

emission of the intense electron beam, pulsed microwaves II, and X-rays are also observed. 2'12

2. Related work at other labs

The pseudospark is easily triggered with high precision in the hollow cathode region. This be-

havior favored the development of high power pseudospark switches which were first studied

at CERN. r Since then, pseudospark switches for _arious applications have been developed.

Current pulses up to 200 kA with a jitter of -_ 100 ns have been switched at 0.3 Hz for

over 500,000 shots without significant electrode deterioration. 13 With a pseudospark switch

designed for laser circuits a jitter of 4 ns at 25 kA pe_k current and 100 Hz repetition rate

was measured. 4 Multichannel pseudospark switches TMhave achieved a current rise time rate

of 2.4 × 10n_ A/s with a peak current of 15 kA and a jitter of 1 ns.

Work on the pseudospark phenomenon in the US is mainly performed by Prof. M. Gun-

dersen and his group at USC, where the application of the pseudospark discharge in a

thyratron-type switch triggered by UV light is currently under study (this is the Back-Lighted

Thyratron or BLT). 15 Additional work is also underway at Old Dominion University.

3. Potential applications for high-brightness electron beams and discussion of

competing sources

Advanced accelerator applications such as e+e - linear colliders or high-power Free Electron

Lasers (FELs) require electron beams whose brightness must be considerably higher than

what has been achieved in existing accelerators or experiments. For optimum FEL operation,

the required beam emittance scales linearly with the wavelength: the shorter the wavelength,

the smaller must be the emittance. These requirements motivate ongoing research on the

physics of high-brightness sources and on the development of new sources with better perfor-

mance characteristics. "Source" will be defined here as the "injector," i.e., electron gun plus

beam manipulation system, that produces an electron beam of the desired characteristics

(current, pulse length, emittance, etc.) for the main accelerator (usually an rf or induction
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linac). The electron emitter used exclusively so far is the thermionic cathode. It has an

intrinsic current density limit of about Jc = 20 A/cm 2. This, in turn, also limits the intrinsic

brightness B of the electron beam, since/3 o¢ Jc.

As an example of a high-brightness accelerator let us consider the 50 GeV x 50 GeV

linear collider (SLC) 18 being developed at SLAC. It requires electron bunches of 5 x 10l°

particles with bunch length of about 16 picoseconds (peak currents of about 500 amperes)

and normalized emittance of 3 x 10-4 m-tad from the injector. To get the low emittance,

a thermionic cathode with small radius is used which produces an electron beam current of

a few amperes, with pulse length of about 2 nanoseconds. This beam is then compressed

by a factor > 100 in a subharmonic bunching system to achieve the desired pulse length for

the linac. Emittance increase during pulse compression has been a major challenge for this

design. The rf linac being developed at Boeing 17 to drive an FEL has beam requirements

that are not much different from those for the SLC. It, too, uses a thermionic cathode and a

subharmonic buncher strategy similar to the SLC injector. In both the SLC and the Boeing

injector the brightness is increased by the bunching process which raises the peak current

by the compression factor. However, in practice the emittance increase during subharmonic

bunching, partly .'_ffsets this gain.

A different approach is being pursued at Livermore where the induction linac capable of

handling high peak currents is used as a driver for an FELt8 and for various other experiments

such as the two-beam accelerator 19and the relativistic klystron 2° for future linear colliders.

There, large-area thermionic cathodes in diodes with accelerating voltages in the megavolt

range produce electron currents of several kiloamperes with pulse lengths of about 50 ns.

While the emittance is larger than in the case of the small-area cathodes of rf linac injectors,

the intrinsic brightness is the same since Jc is the same. (However, the net brightness gain

in subharmonic bunching gives the rf linac injector an advantage over the induction linac.)

The intrinsic brightness limitations of thermionic cathodes as well as the emittance degra-

dation observed in subharmonic bunchers have motivated a search for other sources that do

not suffer from these shortcomings. A new concept, the laser photo-cathode, also known

as the "rf gun", pioneered at Los Alamos 21 and also being developed at Brookhaven 22 and

other places, appears capable of operating at current densities of Jc _ 600 A/cm 2 and hence

greatly enhanced intrinsic brightness. The research at Brookhaven, combining the photo-

cathode with high-voltage, pulsed-power switching technology, aims at even higher values of

current density (Jc > 1000 A/cm 2) and brightness.

One major technological problem with the photocathode appears to be the lifetime of

the cathodes. Further development is needed to determine whether this problem can be

solved. Given the limitations of thermionic cathodes and the fact that the photocathode is
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still in a developmental stage, there is considerable interest in other possibilities and new

ideas of generating high-brightness electron beams. In this regard, the pseudospark device

is a very attractive source for such beams. With a proper geometry, this device can produce

high-current electron beams with very small diameters. Peak current densities as high as 105

to 106 A/cm 2 have been inferred from measurements of the holes drilled with these beams

through metal foils. ¢ Recently, the first measurements of the emittance and brightness of a

pseudospark electron beam were carried out in our Charged Particle Beam Laboratory at the

University of Maryland. 2a Though the beam had only modest values of voltage and current -
!

25 kV and 100 A, respectively - the experimental results are very impressive. They indicate

a brightness that is better by almost an order of magnitude than what has been achieved in

beams from thermionic cathodes so far. To put these results in perspective, we shall briefly

discuss the theoretical concepts of emittance and brightness of a beam.

The intrinsic emittance of the electron beam emitted by a thermionic cathode is deter-

mined by the cathode radius, re, and the transverse velocity spread which, in turn, depends

on the cathode temperature, kT. Since the electrons in the cathode have a Maxwellian

velocity distribution, f(v) = foexp(-mv2/2kT), they emerge with an rms velocity of

Ox = CkT/m, where m is the rest mass. Assuming uniform current density across the

cathode, the beam has an rms width of $ = re/2. The "normalized" rms emittance is then

simply given by the product of _r, where _ = fJ_/c, i.e., _, = 0.hrc(kT/mc2) 1/2. Follow-

ing Lapostolle's suggestion, we prefer to use the. effective normalized emittance defined as

_,, = 4g,, = 4[< x 2 >< _ > - < x_/_ >211/2. At the cathode the term < x& >2 is zero and

hence,

_,,= 2rc(kT/mc2)l/2[m - rad]. (1)

This definition has the advantage that for a uniform beam it is identical with the total

emittance while in the case of nonuniform beams it comprises typically between 90% to

100% of the particles. Note that we define the area of the phase-space ellipse as A = ¢,,1r,

i.e., the "emittance" _,, does not contain tile factor r.

The intrinsic normalized brightness of a round beam is defined as

B,, = 2I/e2._r2[A/(m- rad)'l. (2)

In an ideal system with linear forces and no longitudinal compression, the current, I, and

the normalized emittance, _,, remain constant; hence the brightness, B,, is aLo constant.

Eqs. (1) and (2) thus represent lower and upper theoretical limits, respectively, that can

serve as figures of merits with which to compare the actual values achieved in practice. Since
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current density at the cathode, de, is limited by technological constraints, we use I = dcr_r

2 from (1) to getin (2) and substitute for re

Bn = (3d2_r)(mc21kT) (3)

For thermionic cathodes one has a maximum current density of about J¢ = 20 A/cm 2 and

a typical temperature of kT = 0.1 eV. Consequently, one obtains for this case from (3) an

upper brightness limit of

Bn = 1.63 x 10'lA/(m - rad) 2. (4)

Note that this theoretical limit is independent of beam current _.ndcathode radius. A cathode

:), but the normalized brightnesswith larger radius, re, produces a higher current (I _ rc

re.nains the same. However. the emittance. _n, increases linearly with re. If the ernittance is

given for a particular application, the radius, r_.. and hence the beam current. I. are fixed.

Subharmonic bunching must then be used to increase the current to achieve the desired

pulse length. Alternately, one can replace the thermionic cathode by a laser photocathode,

as discussed above. In photocathodes, the average kinetic energy ,of _,heemitted electrons

is defined by the difference of photon energy, hv, and workfunction,. W, and is higher than

the temperature of the thermionic cathode depending on the type of material used. With

semiconductors one might get kT = hv- W = 1 eV. for metals several eV. On the other

hand, the current density may be considerably higher than for thermionic cathodes. Using

Jc = 600 A/cm 2, kT = 1 eV, one obtains an intrinsic brightness for photocathodes of

6n = 4.86 × tOl' A/(m- rad) 2. (5)

This is a factor of 3 greater than the brightness of a thermionic beam. More important,

however, is the fact that the emittance of the beam from such a photocathode is ¢600/20

5.5 times smaller than for a thermionic beam with the same current. The advantage of

the photocathode is apparent from these numbers. However, it must be pointed out that

photocathodes are under development. Many problems, such as life time, operation at high

average po_'er, etc. remain to be solved before it will become a practical device.

The actual brightness values observed in experiments or numerical simulations are sig-

nificantly below the intrinsic limits given _Lbove- both for thermionic cathodes as well as for

photocathodes. These brightness limitat;.ons are caused for the most part by nonlinear exter-

nal forces 24, nonlinear space charge forces, and time-varying forces (e.g., rf phase variation)
as discussed in Ref. 25.
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' One finds that the actual brightness values measured in photocathode experiments are in

the range of 109 to 10l° A/(m-rad) 2, i.e., one to two orders of magnitude below the intrinsic

values of thermionic and photocathodes. 25 The measurements with our modest pseudospark

beam 23 described in the next section show a brightness of about 4 x l0 l° A/(m-rad) 2 at a

current density of 250 A/cm 2. Since one can operate at much higher current densities at

higher voltages, one would expect considerable improvements in the future research being

proposed here. In fact, a major research goal would be to determine the scaling of current

density, emittance, and beam brightness with voltage, geometry, gas composition, and pres-

sure of the pseudospark device. This involves obtaining an understanding of the discharge

and beam physics in the pseudospark. A second important goal would be to extract the elec-

tron beam from the gas drift tube into vacuum and study how to focus it before space-charge

repulsion would blow it up. It is obvious that electron beams with such high current density

and brightness must be quickly accelerated to high energy while being focused effectively

at the same time. A scheme in which the electron beam from the pseudospark chamber is

injected directly into a high-gradient rf cavity, similar to the photocathode experiment at

Los Alamos, 21 looks very attractive and would be examined.

4. Summary of recent pseudospark experiments at Maryland

During the past contract period, experimental efforts in this area have been increased and a

second, higher voltage pseudospark experiment has been designed, constructed, and tested.

This device was designed to bridge the gap between the lower voltage experiments previously

conducted in our laboratory and planned experiments on our high power pulse line acceler-

ators. These experiments, described in detail in section [I.C, indicate that a pseudospark

discharge with a charging voltage of 50 kV and resultant electron beam currents in excess

of 1 kA can be reliably operated over a range of experimental conditions. Measurements of

electron beam emittance and brightness are currently in progress.

II. Research Progress

A. Experimental Research on Collective Field Accelerators

1. Laser controlled beamfront accelerator experiments

The basic concept behind the Laser Controlled Beamfront Experiment is shown in Fig. 4.

An intense relativistic electron beam is injected into an evacuated drift tube at a current

level several times the vacuum space charge limit, given approximately by
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It = 17,000(%2/3 - 1)3/2 (6)
(1 + 2enb/a)(1 - f)

where b is the drift tube radius, a is the beam radius, % is the relativistic mass ratio for

the electrons at injection, and f = ni/n_ represents any charge neutralization provided by

positive ions. As indicated in Fig. 4a, a virtual cathode forms at the injection point with

a depth approximately equal to the anode-cathode potential difference. The axial position

of the virtual cathode downstream of the anode plane is usually on the order of the anode

cathode gap, so that megavolt potentials at the virtual cathode are formed only millimeters

away from the grounded anode. It is this very high electric field on the upstream side of

the virtual cathode that collective accelerators usually seek to exploit for ion trapping and
acceleration.

If the beam is injected into a localized gas cloud (Fig. 4b), ionization processes can

quickly build up sufficient ion density to neutralize the electron beam space charge and the

virtual cathode can move downstream to the edge of the gas cloud. This motion can result in

the acceleration of a few ions to energies considerably higher than the depth of the potential

well at the virtual cathode.

In order to control the motion of the virtual cathode over distances greater than a few

centimeters, however, a means of providing an ionization channel whose axial extent can be

controlled as a function of time is required (Fig. 4c). In the present experiments, shown

schematically in Fig. 5, the ionization channel is generated by time-sequenced laser-target

interactions. A laser pulse is separated into many approximately equal energy beams which

are then optically delayed over different path lengths. The laser light then vaporizes and

ionizes a target material on the drift tube wall, and ions drawn into the beam by the electron

space charge at the beamfront provide the required time-sequenced channel of ionization to
control beamfront motion.

First Generation Laser-Controlled Beamfront Accelerator Experiments.. During

the past two yeats, we have completed our studies of the first generation Laser-Controlled

Bearnfront Accelerator experiment. In this experiments the injected electron beam pulse was

900 keV, 20 kA, 30 ns, and controlled beamfront motion and accompanying ion acceleration

were attempted over a distance of 50 cm. Results of these experiments were published in

the Journal of Applied Physics 66 (7), 1 October 1989, p. 2894-2898, and the Proceedings

of the 1989 Particle Accelerator Conference, p. 624. The major conclusion of these studies
are as follows:
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' i) Effective control of a relativistic electron beamfront by a laser produced time-sequenced

ionization channel has clearly been demonstrated for two different accelerating gradi-

ents (40 MV/m and 90 MV/m). In addition, beamfront motion without the laser-

produced ionization channel is consistent with theoretical expectations_ as is the rapid

propagation observed when the ionization channel is produced well in advance of elec-

tron beam injection.

ii) Controlled collective acceleration of ions at a rate of 40 MV/m over a distance of 50

cm has also been demonstrated, but acceleration at the higher gradient (90 MV/m)

over this distance has not been demonstrated to date. As discussed in the theoretical

progress section of this report, both the successful acceleration of protons at the 40

MV/m gradient and the failure to accelerate ions at the higher gradient over the entire

50 cm distance are entirely consistent with numerical simulations of the beamfront

accelerator and simple analytic theory. In the higher gradient experiments, it was

simply not possible to maintain the required > 90 MV/m electric fields at the virtual

cathode over the entire 50 cm accelerating distance.

iii) Approximately 109 pr._tons/pulse were ::ccelerated to a peak energy of 18 MeV in the

40 MV/m gradient experiments. Data from stacked foil measurements indicate that

the spectrum has a strong peak at about 18 MeV.

Second Generation Laser-Controlled Beamfront Accelerator Experiments. A

second generation Laser-Controlled Beamfront Accelerator has been designed with the aid of

numerical simulations described in the theoretical section of this report. The specific design

parameters and objectives for the new experiment are discussed in the theoretical section.

The second generation experiment is designed to accelerate protons over a 100 cm distance

at gradients up to 60 MeV/m using electron beams with energies in the range 1.2-1.5 MeV.

Construction of the new experiment was completed over the past year (Fig. 6) and initial

experiments were conducted.

Optical system specifications and tests are displayed in Tables 1-4. Table 1 specifies

the different laser channel path lenghs and Dn (the distance between the fully reflecting

and partially reflecting mirrors for the nth channel) for a one meter, two-part accelerating

gradient designed to accelerate protons to a peak energy of 35 MeV. The two-part gradient

was designed on the basis of numerical simulations to be discussed in section II.B. Tables

2 and 3 detail the theoretical and actual partial reflecting mirror specifications, predicted

laser energy at each spot, and actual experimental values achieved. Reductions in actual

laser energy achieved over theoretical expectations are due to optical losses in the system.
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Figure 6: Photograph of new experimental laser controlled beamfront accelerator system.
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Given the complex nature of an optical system employing 40 mirrors, the optical losses are

no higher than should be expected. Table 4 specifies the mirror positions for a somewhat

slower gradient designed to achieve a peak proton energy of about 25 MeV.

In order to monitor beamfront propagation down the drift tube, four wall current probes

were inserted 11.5, 36.5, 61.5, and 86.5 cm downstream of the injection point to measure

beam current density at the drift tube wall. Typical oscilloscope waveforms from beamfront

propagation measurements are shown in Fig. 7. These waveforms exhibit characteristics

consistent with a picture of the beam propagating in a well focused manner to the end of

the ionization channel, and then rapidly exploding to the drift tube wall at the position of

the virtual cathode (see Fig. 4c). In fact, it is encouraging to see that the wall probe current

drops off quite rapidly as the beamfront passes by the probe position.

Plots of beamfront propagation distance vs time in the drift tube obtained from these

waveforms are shown in Fig. 8 for various delay times between the firing of the laser and

electron beam injection for the two-part gradient. It is easily seen that the designed beam-

front control can be achieved if, as expected, the laser is fired immediately before the beam

pulse. If the laser is fired too early, a plasma channel simply fills the drift tube in advance of

beam injection and beam propagation occurs quite rapidly down the tube. Measurements of

wall current peak magnitudes as a function of axial position are shown in Fig. 9 for variety of

laser-beam firing delays. These results show, as expected, that the laser channel does allow

for significant current propagation downstream compared to the no-laser results. Current

levels observed far downstream, however, are consistently low. This is probably attributable

to the fact that the pulse line accelerator used in the experiments has a usable pulse duration

of only about 20 ns. Thvs the injected electron beam pulse is probably already decreasing

rapidly in magnitude by the time the beamfront is 85 cm downstream.

Figure 10 displays bez_mfront propagation data for the slower gradient mirror config-

uration discussed in Table 4. As can be readily seen, the designed beamfront propagation

control has been achieved in this case as well. Wall probe current levels for this configuration

are shown for various laser-beam firing delays in Fig. 11.

2. Theoretical Studies

We will discuss the progress made during the past three years in four separate but related

topics that were under investigation. The four topics are: "Initial Ion Production and

Acceleration Phase," "Laser Controlled Beamfront Accelerator," "Intense Beam Propagation

Across a Magnetic Field," and "!on Hose Instability of the Bennett Profile Beam." The last

two topics form part of the Ph.D. Thesis by Dr. Xiaohao Zhang (support provided by this

contract; present address, Brookhaven National Laboratory).



BI7

Table 1: Path lengths and D,, for the twenty channels in the laser system.

I I I I IIIlllllllI

Chmmel Pat h Lenlth (m) D. (m)
0.587 0.S87

2 0.975 0.42?
3 0.644 ......... 0.319
4 0.485 0,255
8 0.391 0.213
6 0.330 0.183 ....
7 0.287 0.161
8 0.259 0.141

....... 9 0.241 0.126
lo 0.225 o.1_5
11 0.214 .......... 0.107
12 0.206 0.I01
13 0.197 0.096

' 14 0.191 0.092
_5 o._ss o.os7
18 o._s2 ....o.os5
17 ........ 0.177 0.082

18 0.173 0.079

19 0.169 ..... 0.077

2o o._66 o.o75
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"['able 2: Theoretical mirror reflectivities and the calculated energy per channel: actual mirror

reflectivities and the calculated energy per channel.

Theoretical Calcula.ted Actual Calculated

Channel Mirror Laser Energy Mirror Laser Energy

P,.eflectivitY (Joules) Reflectivity (Joules)
1 0.950 0.3 ....... 0'95 ............ 0.306

2 .... 0.947 0.3 0.95 ........ 0.285
3 0.944 0.3 ................. 0.95 ......().270
4 ..... 0.94i 0.3 0.95 " 0.257

............. __ ........

5 0.937 0.3 0.95 0.244
, , LLL J ,,, ,, , ,

6 0.933 0.3 0.925 0.348
.....7 0.929 0.3 0.925 0322

8 0.923 0.3 0.925 ..... 0.298
9 0.91;; 0.3 .....0.925 0.270 .....
10 .............0.909 ........ 0.3 ...... 0"90 .... 0"339
11 0.900 0.3 ...... 0190 0.306

, , ,

12 0.890 0.3 0.89 0.303 _

o.s:5' 0.3 0.88 0.294
,,

14 0.857 0.3 0.86 0.301
15 0.833 0.3 0.83 0,315
16 0.800 0.3 0.80 0.307

, H,,,,,, ,

17 0.750 0.3 0.75 0.307

18 0.667 0.3 0.67 0,304
19 01500 0.3 0150 0.309
20 - 0.3 - 0.309
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Table 3: Summary of optical system tests.

X_al ......Partial.........TheoreticalExperimental
Channel Position Mirror LaserEnergy LaserEnergy

(cm) Refiectivitv (Joules) (Joules)ill iii i ,! _11iil_J i i

I 0.95 0.300 .........0.30
2 !0 0195 0.285 0.28

illl i i i j i ii i i illll iilli i ill ll illll iuii i i ii

3 i5 0.9,5 0,2'?0 0.265
4 ......... 20 ........ 0.95 ..... 0.2'57 ........... 0.25

- i .,..i •,,J i i ii ii i i , iii r ,,

5 25 0.95 01'244 0.23
6 so o:925 ........... o._s o.s15

| i ii iiii i iii i ii IILJ I _ II II I IIIlIIII I7 _ 0.925 01322 0,2'95
- i = .,.i, ,i ,HIL I HI I ,. "

8 40 0.925 0.298 0.2'75
9 4S....... 0.92S...... oi.;ti_- d,255
10 ............ 50 0,9()...... 0.339 0.30

I iiiiiiiii i i i [ i iiiii i iiijl i iiii ii iiii i i

II 5,5 0.90 0.306 0.25
12 60 0.89 01303 0.24
13 65 ......... 0:88 0.294 0.24
14 70 ...... 0@=86 0"30i ..... 0.23
15 75 " 0,83 0.315 0.225

16 80 5.80 0.307 0.22
17 .... 85 .... 0,75 ' 0.307 0.21
18 90 J ......0.67 .... 0.304 .......0.195

"z9 " 'gs ' 615o ....0.309 " o120
20 ....... 100 '" - " 0[309 " ' 0.19

.... i i . '
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Table 4: Path lengths and D, for the twenty channels in the laser system.

Channel Path th (m) D,, /m D
1 0.460 0.460
2 0.781 0.389_

3 0.678 0.337
4 0.598 0.297
5 0.535 0.265
6 0.483 .... 0.239

,,,,, !

7 0.442 0.21S
s 0.406 0.200,,,

9 0.377 0.185
10 0.349 0.171
11 0.328 0.160

12 0.306 0.149
13 0.291 0.141
14 0.275 0.133

15 0.260 0.125
16 0.248 0.119
17 0.237 0.113
18 0.225 0.107

19 0.216 0.102
20 • 0.206 0.097



Probe _I: 11.5 cm
2 volts/div
I0 ns/div

Probe #2:3(5.5 cm
I volt/div
IO ns/div

Probe #3:61.5 cm
500 mV/div i
10 m,/div

Probe #4:86.5 cm
500 mV/div
I0 ns/div

Figure 7: Typical traces of the charge/current probe used to measure the beamfront propa-

gation.
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firing delay times and without the laser ("two-part" gradient.)
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Initial Ion Production and Acceleration Phase During tlm second year, we completed

numerical studies related to the initiai phase of the ion production and acceleration process

in a localized gas cloud syst,:m.

In experiments in which an intense relativistic electron beam is injected into an evacuated

drift tube with a localized gas cloud located near the anode that serves as the source of ions

for effective beam propagation, ions with energies several times the beam energy as well as a

large fraction of the injected electron current are observed downstream. These experiments

have been simulated using a particle-in-cell code which realistically models ionization of

the gas. We found that when the injected electron beam current exceeds the space-charge

limiting current, the majority of the ions produced achieve energies of the order of the

beam enerEy and provide for an effective channel to space charge neutralize the electron

beam. There are a few ions that are accelerated to energies several times the electron beam

energy by the coherent motion of the ions and the intense virtual cathode electric fields. The

majority of the ions allow for the total beam current to propagate to the downstream surface

once the ion channel has also propagated to this location. The dependence of the peak ion

energy on the system parameters as observed in the simulations was also examined. For the

p.trameter regimes investigated, beam energies ti_ to 3 MV, beam currents up to 35 kA, gas

pressures up to 600 mTorr, and gas cloud widths up to 6 cm, peak ion energies of 5-6 times

the electron beam energy have been observed in the numerous simulations.

Laser Controlled Beamfront Accelerator-Simulation. During the first and second

years, we have written an electrostatic particle-in-cell code called LCA to simulate the laser-

controlled acceleration experiments. A schematic of the simulation model is shown in Fig. 19-.

In the simulations, an electron beam of voltage V0, current I0, and radius Rb is injected into

a grounded cylindrical drift tube of length d and radius R,o along the axis of the drift tube.

The region of the drift tube extending from the anode to a distance zo downstream is filled

by hydrogen gas at a constant pressure p0. The electron beam is assumed to be focussed by

an infinitely strong guide magnetic field, so that particles in the simulation move only along

the axis of the drift tube. The beam radius is also assumed to be much smaller than the wall

radius so that the charge and current density and the axial electric field are approximately

uniform across the beam cross-section.

The macroparticles in the simulation obey the relativistic equations of motion, the electric

field E_ on axis is computed by first computing the potential ¢ at equally spaced grid points

on the axis, numerically computing the derivative at points lying halfway between successive

grid points, and linearly interpolating to obtain the value of E_ at other points. Ionization

of the neutral gas is modeled by dividing the gas region into grid cells and monitoring the
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Figure 12: Simulation model

amount of ionizatioa in each grid cell which is produced by impact ionization. When the total

number of ions produced in a grid cell excceds the number of ions in an ion macroparticle,

an ion macroparticle and an electron macroparticle are created at the center of the grid. The

actual details have been explained elsewhere.

The time required for the laser beam to create plasma after striking the target is assumed

to be a constant quantity which is specificd. The front of the laser-produced plasma is

assumed to sweep smoothly from one end of the drift tube to the other and the only effect of

the plasma in the simulation is to completely neutralize any space-charge in the drift tube

behind the plasma front.

The first set of results was obtained for a 900 keV, 20 kA, 1 cm-radius electron beam

• which is injected into a 5 cm-radius, 50 cm-long drift tube with a 2 cm-wide, 100 mTorr cloud

of hydrogen gas located next to the injection plane. These parameters are those associated

with the successful first generation laser-controlled beamfront accelerator experiments. As

in the experiment, the front of the laser-produced plasma is assumed to travel down the drift

tube at a velocity which increases linearly from 0.04c to 0.2c over a distance of 45 cm. Figure

13 shows the peak proton energy measured 45 cm downstream from the injection plane as

a function of the time delay between the start of the beam pulse and the start of the laser

pulse. For these runs it was assumed that the laser-produced plasma was created 10 ns after

the laser beam struck the target and that the time required for the plasma to travel from
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Peak Proton Energy Measured at 45 cm30
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Figure 13: Peak proton energy measured at 45 cm versus time delay between start of laser

pulse and start of beam pulse for linear velocity gradient.
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the wall to the center of the drift tube was equal to the time required for a proton to travel

from the wall to the surface of the electron beam, assuming that the potential depression

produced by the beam was equal to the beam energy V0. The figure shows that the design

energy of 18.8 MeV is attained over a broad range of time delays. If one compares the phase-

space trajectory of the peak-energy proton macroparticle and the phase-space trajectory of

the laser-produced plasma front, we find for this design that the accelerated proton tracks

the laser beam trajectory closely.

When the length of the drift tube is double from 50 cm to 100 cm (with all other

system parameters the same) and the same velocity gradient is used, the peak proton energy

measured at the end of the drift tube falls short of the design value, i.e., the original velocity

gradient cannot be extended to longer distances. The reason the original velocity gradient

cannot be scaled to longer distances can be seen as follows. The equation of motion of a

proton which is being accelerated by aa electric field E. is dv/dt = (e/rn)E.., which can be

rewritten as E. = (mc2/e)vdv/dz. If the velocity gradient dv/dz used in the above runs is

substituted into the preceding expression, we find that the electric field needed to accelerate

the proton at the desired velocity gradieat is approximately E.. = 334 fl MV/m, where

fl = v/c, e.g., for 3 = 0.3, an electric field of more than 100 MV/m is needed. In Fig. 14, we !

have plotted the magnitude versus the location of the peak electric field for the run with a

100 cm-long drift tube in which the greatest peak proton energy was measured. Notice that

as the beam front moves downstream, the peak electric field tends to fall until it is no longer

large enough to continue accelerating the proton at a constant velocity gradient.

The tendency of the peak electric field to fall as the beam front moves downstream

suggests that it may be better to accelerate the protons with a steep velocity gradient at

the start and then taper the gradient as the beam front moves downstream. In the second

series of simulations, we therefore chose to do a set of runs in which the beam front velocity

increases linearly with distance (i.e, dv/dz = constant) until it reaches a transition point,

after which the beam front velocity increases linearly with time (i.e., dv/dt = constant).

The plasma front velocity at the anode plane was chosen to be 0.04c, the plasma front

velocity at the downstream end of the drift tube was chosen to be 0.4c, and the velocity fltc

at the transition point zt was varied. Figure 15 shows the peak proton energy measured at

90 cm as a function of fit for three different values of zt. Note that V0 = 1.5 MV in this run.

The figure shows that by adjusting/3t, energies in excess of the design energy of 60.7 MeV

can be achieved.

It should be noted that, as might be expected, the peak proton energy depends strongly

on the beam energy, since the peak electric field increases with increasing beam energy. In

Fig. 16, we plot the peak proton energy measured at the downstream end of a 50 cm-long
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Figure 15: Peak proton energy measured at 90 cm versus transition velocity 13.
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Figure 16: Peak proton energy measured at 50 cm versus electron beam energy.

drift tube as a function of the electron beam energy. In each case the same velocity profile is

used. For beam energies greater than 1.4 MeV, peak proton energies exceed the design value.

As the beam energy decreases, the peak proton energy decreases sharply, e.g., at 1 MeV, the

peak proton energy is already less th_n 20 MeV.

Optimal Acceleration-New Design. The largest protr,n en_rgies achievable in any

given system can be calculated by integrating the peak electr, c fields obtained from the

simulations as a function of distance (assuming that the magnitud_ of the peak electric field

depends only on the position of the plasma beam front and not on its velocity). The required

variation of the plasma front position with time can be obtained by integrating the equations

vdu/dz - eEz_sx(z) and dz/dt = v(z), where E,.n_x(z) is the peak electric field at z. Figure

17 shows/_ vs. z and t vs. z for a 1.2 MeV, 20 kA electron beam which is injected into a 50
cm-long drift tube.

We have developed the electrostatic PIC code LCA to simulate beam propagation and

collective ion acceleration in a laser-controlled accelerator. Although the code only crudely

models the experiment, it has been able to reproduce some of the experimental results and

may be useful as a design tool for future laser-controlled acceleration experiments.
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Figure 17: Optimal acceleration profile.

i

Ion Hose Instability of the Bennett Profile Beam. During the second and third years,

we analyzed the ion hose instability of the self-consistent Vlasov equilibrium that leads to

the Bennett radial density profile for the downstream electron-ion beam system. Specifically,

we consider the limiting case where the ion beam species is cold, stationary, and provides

charge neutralization. The most simple model assumes that each beam is rigid. We then

investigate the effects due to the anharmonic nature of the potential well using a "spread

density" model and the effects due to an axial thermal velocity spread of the electron beam.

In addition, nonlinear effects due to large beam displacements are numerically investigated.

For the rigid beam model, the linearized equations for transverse motion of the beams
are

2
In3e

=

U t

and _, = vo, k, = O. We have defined w, = _/e2n,oleo'yrn,, w, = _/e2neoleom,,

n_o = n,o = no, and the displacements x are assumed to be much less than the beam cross-

sectional dimensions a. For harmonic displacements, we find that resonant growth occurs

for wavelengths 27r w, 2_r

with a complex frequency

+i '
where the growth rate is lmw. The spectrum of growth rates is shown in Fig. 18 by the

solid line (R.B.), where the strong resonant growth is clearly seen. The system parameters

for this case are Vo = 1 MV, Io = 20 kA,/3o = vole = 0.65, a = 1 cm, and Rw/a = 10.
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Figure 18: Ion hose instability growth rates versus wavenumber. System parameters are:

Vo = I MV, Io = 20 kA, R.B.- R.igid beam model, S.D.- Spread density model (anharmonic

potential well), T.V.- Thermal velocity spread model.
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The effects due to the Bennett profile which results in particles oscillating at different

transverse frequencies are modelled by annular layers with different densities. After weighting

by density and averaging to obtain the net beam displacement, we obtain a dispersion relation

[ 11 - 1 + _"2wi In I + In = 0.

These results are displayed in Fig. 18 by the dashed curve labelled S.D. We see that the spread

in transverse oscillation frequency (weighted by density) results in an unstable spectrum up

to the peak on axis-value of w,/Vz2., versus up to the average value of w,/_ for the rigid

beam (R. B.) model.

The effects due to an axial thermal velocity spread of the electron beam species is mod-

elled by the one-dimensional relativistic Maxwellian distribution. The beam is assumed to

be composed of many rigid disks having the same density profile but different axial velocities.

These results are shown by the dashed curve in Fig. 18 labeled T.V.

In summary, our studies of the ion hose instability of a Bennett profile beam indicate:

• From the rigid beam model, the instability exists in the long wavelength region and is

weakly absolute. The resonant growth occurs at A = A_,.

• Due to the anharmonic potential as well as axial velocity spread, the maximum growth

is reduced, the unstable region is broadened, and the instability becomes convective.

• For the case of large beam displacements, the nonlinear equations of motion for the

ion hose oscillations have been derived for the Bennett profile. As the beam separation

becomes of the order of the beam radius, the instability growth decreases and saturates.

[This work was part of X. Zhang's Ph.D. thesis.]

Intense Beam Propagation Across a Magnetic Field. During the second year, we

completed the studies on a model of the propagation of an intense electron-ion beam across

a transverse magnetic field.

Previous theoretical studies haxe shown the existence of a self-consistent downstream

Bennett equilibrium for the electrons and ions when no applied magnetic field is present [C.D.

Striffler, R.L. Yao, X. Zhang, Proc. of the 1987 IEEE PAC, page 97.5]. We have related these

downstream properties to the diode voltage, the transmitted electron beam current, and the

ion properties in the localized gas cloud region. For our experimental parameters, I/0 - 1

MV, I = 5 kA, the downstream self-pinched equilibrium state is composed of cold ion,_,with

low axial speed (< 0.05 c), and electrons with a temperature of about 60 keV and an axial
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speed of about 0.84 c. The nearly charge-neutral beam system has been shown to effectively

propagate up to the diode current of 20 kA where the electron temperature is predicted to

be about 200 keV. [This self-consistent equilibrium model was completed during the first

year and was part of X. Zhang's Ph.D. thesis.] The 5 kA case was chosen for examining

the effects of a transverse magnetic field on the electron-ion beam system, mainly because

of experimental reproducibility. We considered the propagation of this intense electron-

ion beam across an applied magnetic field. We find that in the intense beam regime, the

propagation is limited due to space-charge depression caused by the deflection of the electron

beam by the transverse field. This critical field is of the order of the peak self-magnetic field

of the electron beam which is substantially higher than the single particle cutoff field. [This

work was completed during the second year and was part of X. Zhang's Ph.D. thesis.]

B. Study of Pseudospark-Produced Electron Beams

We have continued and expanded our experimental program on pseudospark discharges.

Although pseudospark discharges have interesting switching characteristics which are being

studied at other laboratories, our current interest is centered around the study of high

brightness electron beams produced in such discharges. A simple discharge chamber of

modular type was constructed to investigate this new electron beam source. The chamber

was operated at a low voltage ,,,25 kV, producing ,-,10 Hz, electron-beam pulses of ,,,100

A, ,,-10 ns. The rms emittance of the resultant electron beam was measured and found to

be ,,,65 mm-mrad, which corresponds to a normalized brightness of the beam of ,,, 2 x 10l°

A/(m2rad2). Results of these experimental studies were published in Applied Physics Letters,

56, 1746 (1990) and Physics of Fluids B 2, 2487 (1990). Recently, preliminary empirical

scaling studies of breakdown voltage, beam current, and beam emittance have been carried

out on a new experimental setup with an operating voltage of up to 50 kV. The breakdown

voltage curve, shown in Fig. 19, is approximately a function of product pv/'d unlike the

conventional Paschen curve which is a function of Pd. The electron current increases with

breakdown voltage up to ,,,25 kV and then tends to decrease, as shown in Fig. 20. The beam

current and its duration increase with the external capacitance.

C. Emittance Measurement by a Finite-Width Slit

In actual emittance measurements, use of finite-width slits is inevitable for the following

reasons: a narrower slit reduces the beam intensity resulting in a poor signal to noise ratio of

the data; the minimum slit size is limited by the fabrication technique employed; a narrower

width in a finite thickness slit plate reduces the maximum acceptance angle. The finite-width
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slit, in contrast to an ideal thin slit, introduces an error in phase-space measurements which

in turn, easily causes a substantial error in emittance analysis. We have derived a numerical

method of correcting for the effects of a finite-width slit to improve emittance and brightness

evaluations. This study was detailed in a paper, "Phase-Space Measurement of a Beam with

a Maxwellian Transverse Velocity Distribution by a Finite-Width Slit," submitted to Review

of Scientific Instruments (October 1990).
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I. Introductionand Synopsis

Prior to the present work, stable gyroklystron amplifier operation was exemplified by the

state-of-the-art development project at the Naval Research Laboratory (NRL)-where output

power of 50 kW in 1 psec pulses was realized at a frequency of 4.5 GHz. During this

three-year research contract period, we aimed at examining the very ambitious proposition

of whether gyroklystron power might be enhanced almost one thousand times (up to 36

Megawatts) while at the same time doubling the frequency to X-band and maintaining

efficiency in the 30-45% range. This could not be accomplished by a simple scaling since

the NRL gyroklystron operated in the fundamental mode in the cavities with all modes cut

off in the drift spaces; such a conservative design would not handle the much higher power

and higherfrequencyofinterestinthe presentstudy.Thus,difficultproblemsinvolvedin

stabilizingovermodedstructureshad tobe addressed.

Stableoperationwas achievedinan overrnodedgyroklystroncircuitwithoutputpowerin

the2to3 megawa_trangeat9.85GHz; pulselengthwas approximately1#sec.The efficiency

was 6% but thisrepresentsthe linearor unsaturatedvalue;the gainwas limitedbecause

onlya two cavitygyroklystroncircuitwas testedinitially.We builtand coldtesteda three

cavitycircuittoallowustodrivetheamplifierintosaturation.We alsocontinuedtoimprove

ourinstabilitysuppressiontechniquestoallowextensionoftheoperatingparameterfroma

voltageof425 kV tothedesignvalueof500kV, and froma velocityratioofc_= v±/vz--I.I

tothedesignvalueof1.5.

Asidefrom increasinggyroklystronpower by a factorof50,a number ofscientificcon-

tributionsofgeneralvaluewere made in the courseofthisgyroklystronresearch;these

contributionsincludethefollowing:

I.techniquesforloadingcircuitswithlossydielectricstoachievestabilitywereextended

beyondthestate-of-the-art;

2. diamagnetic loops were used for the first time to confirm the measurements of a ob-

tained with electrostatic probes;

3. the phase noise variation with voltage in gyroklystrons was shown both theoretically
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and experimentally to be of a dramatically different form from the variation in con-

ventional klystrons;

4. the phase noise level in a 500 kV gyroklystron was shown to be compatible with re-

quirements of the linac collider application especially if some feedback stabilization is

employed;

5. the CASCADE code was developed to compute fields in cavities of complicated geom-

etry which are loaded with lossy dielectrics (this is a unique computational capability);

and

6. the QPB code was developed using the Lie transform method to compute start oscil-

lation currents for the fields produced by CASCADE. (QPB is 50 times faster than

previously available codes.)

m

i
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II. Experimental Research Progress

During thiscontractperiod,we completedour studiesof the Magnetron InjectionGun

(MIG) performanceand initiatedstabilityand amplificationstudiesinseveraltwo-cavity

gyroklystronconfigurations.The experimentalfacilityfunctionedwell,withthemodulator

firingapproximatelya milliontimes(at I Hz) forthe gyroklystronstudiesalone. The

beam studiesverifiedsimulatedMIG performanceovera widerangeofparameters.Inthe

gyroklystrontubes,significantimprovementsweremade insuppressingthetypicalgyrotron

instabilitiesthathaveoccurred.To date,over3 MW ofamplifiedpowerwith18dB gainand

anefficiencyof6.5% (unsaturated)wereachievedinI pseclongpulsesatreducedvoltageand

currentlevels.Thispowerlevelrepresentsan increaseofa factorof50inthestate-of-the-art

ofgyroklystronswiththermioniccathodes.

A. Facility Improvements

We installed remote controls both for the magnet supplies and the modulator voltage level.

We added the capability to quickly download oscilloscope traces to the computer. We also

designed, constructed, and installed an inductor on the bottom leg of the resistive divider

(see Fig. 1) to minimize deviations in the control anode to cathode voltage ratio (Vc_/Vc).

The need for this was discovered during the beam characterization tests, and is discussed

in the next section. An RLC network was designed and installed across the thyratrons to

eliminate the punchbacks that occurred near 500 kV. Our vacuum system was finalized with

a total pumping capability of 240 g/s in four units. This allowed us to safely operate up to

the maximum machine repetition rate (5 Hz). The facility was certified radiation safe up to

400 kV at full current.

In our vacuum tube processing facility, we fabricated the vacuum jackets, microwave

windows, and lossy ceramics required for our tubes. This in-house capability has significantly

reduced the down time between configurations.

We increased significantly our microwave diagnostic capability (see Fig. 2). The output

waveguide frequency measurement range was expanded to include J-band. Wave-guide runs

were installed so that we could get input and output frequency information in the screen room
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Figure 1: Voltage divider circuit for MIG.

on an HP8566B spectrum analyzer. A microwave Lorn was placed behind the electron gun

to locate instabilities in the beam tunnel before the tube. Our water load and our directional

coupler were calibrated. The bench test results showed that the coupler's response was flat

from 9.75 to 9.95 GHz to within 4-0.5 dB. Reverse power was immeasurable with our network

analyzer. Finally, we constructed a larger at_._choicchamber with remote control positioning

(translation and 90* rotation) of the pick-up antenna to facilitate mode pattern analysis.

B. Electron Beam Studies

Our investigation of electron beam characteristics focused mainly on the average MIG proper-

ties. We increased space-charge limited operation to 375 kV and 216 A. Additional parameter

space searches continued to confirm the predictions of the e-gun code simulations. In addi-

tion to the studies on the second beam diagnostics configuration [see 1989 Progress Report],

we installed and completed studies on a final configuration which had a new linear uptaper

constructed with alternating rings of metal and carbon-impregnated alumino-silicate. Sta-

bility of the third configuration to microwave oscillations proved only marginally better than

the previous configuration. This result supported our claim that the unstable modes exist
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Figure 2: Microwave diagnostic hardware.

near cutoff in the beam diagnostics chamber (Fig. 3) sc. that the beginnings of the linear

uptapers act as strong reflectors. Further improvements in stability could were made, but

were abandoned in favor of amplification studies.

Subsequent data analysis resulted in several interesting conclusions. First, sectored ca-

pacitive probes are a viable means of estimating average velocity ratio and beam off-centering.

Also, internal air-core current transformers are adequate alternatives to electrical breaks in

this parameter range. Furthermore, diamagnetic loops yield velocity ratio information con-

sistent with capacitive probe data. Finally, time-resolved capacitive probe data indicated

that the velocity ratio would change by as much as 10% during the pulse "flat top". The

root cause was traced to an improperly compensated resistive divider which resulted in a

variation of Vc,/V_. Our modulator performance codes were modified to allow an inductor

to be simulated on the lower leg of the resistive divider. Optimal compensation was found

to depend on beam voltage and current, but an inductance of 450 #H was a good nominal

value. This inductor was constructed and tested during the amplifier studies and was shown

indirectly (through microwave output power) to reduce velocity ratio variations considerably.
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Figure 3: Beam diagnostics chamber.

C. Two-Cavity Experiments

The focus of the experimental studies was on the stability and amplification properties

of two-cavity gyroklystron tubes. The nominal resonant frequency was 9.85 GHz and the

quality factors were in the range 150-175. Four configurations were completely tested. The

instabilities in the first tube were so severe that very little information was discerned. As

the tubes progressed, we systematically increased the loading in various areas of the tube to

improve stability. This culminated in tube IV, which kad a stable parameter space covering

beam voltages up to 425 kV, magnetic field variations of over 20%, magnetic compressions

in excess of 11, and beam current exceeding 200 A. _

Tube I. The core of tube I, which includes the input cavity, drift space, and output

cavity is shown in Figure 4. The lossy rings in the drift tube were MgO with 1% SiC. The

lossy rings before (and in) the input cavity were carbon-loaded porous alumino-silicate. The

core's relation to the rest of the tube is depicted in the general schematic of "Fig. 5. The

output waveguide consisted of a straight 12 cm section, a non-linear taper, a 100 cm long

:eam dump, a second non-linear taper, and a half-wavelength output window. The beam
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Figure 4: Two Cavity Gyroklystron (tube II).

tunnel dowataper before the input cavity was the same one used in the final two beam

experiments and is shown in Fig. 6. The downtaper proved to have insufficient loss so that

low beam power level instabilities tended to disrupt the beam in the compression region and

cause pressure rises which would automatically shut down the system.

Tube II. The second tube retained the core of tube I but had a modified downtaper

which replaced the internal current transformer space with more lossy rings. This configura-

tion is referred to as the "previous design" in Fig. 7. The oscillation-free parameter space was

still rather small, but enabled us to characterize the instabilities and try some amplification

studies. There are four basic types of microwave instabilities. The first class of modes exist

in the output waveguide in frequency ranges where the output window Is a good reflector.

These modes often occur in groups spaced by about 60 MHz, which corresponds to differ-

ent axial mode numbers. Because the beam-microwave interaction occurs after the output

cavity, these modes are usually eliminated by amplifier operation and are of little concern.

The second class of modes exist in the straight section adjacent to the output cavity (with

some of their energy apparently extending into the cavity). These modes are near cutoff and

use the first nonlinear taper as a reflector. The most troublesome mode had a TEI_ distri-
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bution and a frequency in the range 9.8-9.9 GHz. These modes did interfere with amplifier

operation, but were eliminated in tubes IV and V. The third type of mode is the "whole

tube" mode. These modes are described in the theory section of this and previous progress

reports. Basically, the energy is contained in the drift section and the cavities act as reflec-

tors. These modes existed at several frequencies with a particularly disruptive one slightly

above 9 GHz. These oscillations were of concern because they appeared to occur at current

levels below theoretical predictions. The problem was traced to inadequate dielectrics and

was corrected in tubes III-V. The final mode class involves oscillations in the beam tunnel

downtaper. These modes are the most disruptive to tube operation and occur in two bands:

7.0-7.5 GHz and 8.1-8.4 GHz. These instabilities were identified as m = 1 modes.

A stable region for amplifier experiments was found at 80%of the nominal magnetic field

at a beam voltage of 175 kV and a current of 55 A. Numerical simulations estimated the

velocity ratio to be a m 0.45 and the axial velocity spread to be about 4%. Our computer

simulations of amplifier operation indicated that the gain would be about 0 dB under these

restricted beam parameters. The experiment confirmed this prediction and output power

was thus limited by the input source. Typical input and output crystal detector responses
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Figure 8: Crystal detector response during amplifier operation. The upper trace shows the

magnetron input power; the lower trace, the gyroklystron output power. Beam voltage is 175

kV, beam power, 9.6 MW, magnetic field, 0.452 T (80% nominal), magnetic compression,

9.9, velocity ratio, 0.45, and velocity spread, 4%.

are shown in Fig. 8. The lower trace is the output signal and its reduced width corresponds

to the duration of the voltage pulse. A typical gain vs. frequency plot is shown ia Fig. 9.

Tube III. The third tube featured a new drift tube (Fig. 10) and a new downtaper

(labelled "current design" in Fig. 7). The new drift tube utilized a non-periodic configuration

with tapered ceramic rings. The new lossy material was BeO with 20% SiC. Cold-test

transmission data for the TEl1 mode in X-band through the two drift tubes is shown in Fig.

11. While the original drift tube was quite lossy at the design frequency, there were two

broad regions in X-band alone where the rings exhibited virtually no loss. Part of the trouble

originated from incorrect (published) dielectric constant data. While the berrylia data was

also wrong, the new drift tube still enjoys considerable broadband loss. TEll transmission

data from 7-9 GHz for the various downtapers is shown in Fig. 12. As indicated, significant

progress was made in the attenuation through this critical component. The third and fourth

downtapers are longer than the first two and cover a cavity formed by the body of a gate
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Figure 9: Gain vs. frequency for 27 kW pin.

valve (which is used to maintain gun vacuum during the tube changes). The net result of

these changes was a dramatic increase in the stable parameter ranges due to suppression of

the downtaper and whole-tube instabilities. The resonant frequencies and Q's of the two

cavities were slightly affected by the new drift tube and were readjusted.

The enhanced stability allowed amplification studies up to 350 kV. Output powers in

excess of 1.6 MW were achieved at 305 kV and approximately 108 A. The gain was about

"15dB and the efficiency was ,lear .5%. The optimum magnetic field and input frequency

were 0.452 T and 9.866 GHz, respectively. Higher magnetic fields could not be used because

the second type of instability would persist for the full duration of the voltage pulse. The

magnetic compression was limited to 10.5 by instabilities in the downtaper. The resulting

perpendicular to parallel velocity ratio was estimated to be about _ = 0.9 from simulations,

which is significantly below the design value of a = 1.5. Again, the amplifier's performance

was in reasonably good agreement with the theoretical predictions. Figure 13 shows gain as

a function of frequency for various beam currents. Note that the lower currents peak near

9.85 GHz while higher currents tend to peak near 9.87 GHz. This pulling effect appears to

be quite standard. Another interesting effect is shown in the output power vs. input drive
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Figure 10: Two Cavity Gyroklystron (tube III)
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Figure 12: Measured attenuation in all downtaper configurations.

power of Fig. 14. Several of the constant current curves show steep increases in gain, which

we believe is due to beam modification of the EM field profiles (an effect not included in our

theoretical models but found :onsistent codes). Figure 15 shows the spectrum for

the optimal point. Figure 15c sh,..... _he frequency spectrum of the TEI_ mode in the output

section when the drive signal aas off. This mode persisted when the drive signal was off,

but, due to slightly varying voltage conditions, was restricted to the beginning of the pulse.

Figure 15a shows the spectrum when the magnetron was on. There is clearly maximum

energy at 9.866 GHz due to the amplification which occurred late in the pulse. There were

also downtaper modes present in the range 6.8-7.5 GHz, as shown in Fig. 15b.

Tube IV. The only difference between tubes III and IV is in the output waveguide

adjacent to the second cavity. Since the second class instabilities were near cutoff, a 2° taper

was introduced to the waveguide wall. This made the radius 0.4 cm smaller just after the

output cavity so the coupling aperture was adjusted to maintain the proper cavity Q. This

modification totally eliminated the second class of instabilities and allowed us for the first

time to study amplification at magnetic fields approaching the design values. The limitation

due to downtaper modes remained, and we were still limited to reduced values of a. Figure
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Figure 14: Tube III power output vs. drive power at various beam currents.
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Figure 16: Tube IV power output vs. frequency with 53 kW drive power.

16 shows the nominal output power vs. frequency results for a range of magnetic fields. As

indicated, powers in excess of 2 MW are easily obtained at 95% of the full field value of

0.565 T. Figure 17 shows the output power vs. drive power for the various magnetic field

settings. Again the gain enhancement phenomena exists. Figure 18 shows the dependence

of gain on magnetic compression (and hence a). Note that none of the curves are saturated.

This implies that if the downtaper modes could be further stabilized, higher powers could

be obtained even at these reduced beam power levels. The nominal input cavity coupling

efficiency is shown in Fig. 19. The nominal coupling loss is._ 3 dB. As expected, the beam

modifies coupling with the best enhancement occurring at maximum gain.

At 85% of full field, there was a narrow parameter range that gave output powers in excess

of 3 MW. The pulse length for this enhanced operation was only a few hundred nanoseconds,

but onl), because the ideal conditions (higher c_) didn't persist for the entire voltage pulse.

The comparison of the output power vs. frequency for the enhanced and normal modes are

shown in Fig. 20.

The burst in a due to improper compensation of the resistive divider was mentioned

before in the beam section. While it helped to produce the 3.1 MW power level, it nominally
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Figure 18: Tube IV gain relative to drive power vs. compression at 9.87 GHz.
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Figure 19: Tube IV coupling vs. frequency.
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hurts operation by enhancing growth of the downtaper modes. In Fig. 21 we display the

beam voltage pulse (top curve in a) and five microwave detector signals. The curve in Fig.

21a labelled "X-band" can sense signals between 6.56 Ghz and 14 GHz. The choppy signal

on the first haLf of the pulse represents the downtaper modes. This corresponds to the lower

trace in Fig. 21c, which shows the microwave signal at the back of the gun. The second

half of the pulse represents the amplified signal. It would be considerably wider if not for

the presence of the other mode. Fig. 21b shows the relative incident and reflected powers at

the input cavity window. The second spike on the reverse signal is not reflected power but

rather an indication that energy from the downtaper modes has entered the input cavity.

The "Ku-detector" on the upper curve of Fig. 21c actually registers everything above 9.49

GHz. The two early pulses represent harmonics of the downtaper modes and the latter pulse

represents the amplified signal.

Figure 22 shows a set of microwave signals for a similar case after the new inductor

was installed and the voltage pulse was flattened. Note that the downtaper modes were

completed eliminated (though they would return at higher compression). Now the flat top

region is essentially lpsec. Figure 23 shows typical spectra for the final configuration of tube

IV. Comparison with Fig. 15 shows dramatically the improvements we have made in tube

stability.

Considerable work was done to verify the power levels. One such effort was to identify

mode purity via radiation patterns. Figure 24 shows the theoretical radiated pattern as the

solid line. The experimental points (circles) are in excellent agreement. The zero readings

on axis (squares) are for Ee pickup and indicate pure TE01 2 MW signal.

Tube V. The f:lal two-cavity tube has two modifications. First, the output cavity Q

was raised (by 225) in attempt to push the tube to saturation at the reduced power levels.

Second, the downtaper region was modified to increase TEl1 transmission loss. The cold-test

TEll transmission results are displayed in Figure 12. Notice that the critical range 7-7.5

GHz shows an additional 6 dB loss. Finally, the lossy rings just before the inpuV cavity have

also been adjusted to increase loss. Experimentation is in progress.
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D. Three-Cavity Design and Cold Testing

The experimental effort to date, as regards RF generation, was devoted to studying the

two-cavity gyroklystron circuit. That effort has achieved the elimination of many unwanted

modes and has achieved multimegawatt operation. We are now ready to test a three-cavity

system which is expected to achieve higher gain and somewhat higher efficiency.

Figure 25 shows the three-cavity system and Table 1 shows the full power operating

parameters predicted by our nonlinear amplifier code. Except for RF coupling and tuning

connections, the input and buncher cavities are identical, each has an outer radius of 3.1 cm

and is 1.68 cm long. The outer wall of each cavity is lined with 2 mm of lossy dielectric to

achieve the desired Q and to suppress unwanted oscillations. The drift tube on each side of

the cavities has a short section of metal to isolate the cavities from the microwave absorbers.

The output power is extracted axially from the output cavity. There is no dielectric loading

in the output cavity and the Q is controlled by the height and thickness of a lip at the end

of the cavity.

The microwave circuit is designed in two steps: (1) The geometry and Q of the cavities

are optimized for gain and efficiency, and (2) the drift tubes are loaded with lossy dielectrics
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Figure 25: Schematic diagram of three cavity circuit•

Table 1: Beam and operating parameters predicted by our nonlinear amplifier code.

Beam: Power 80 MW

Voltage 500 kV

Velocity Ratio (c_) 1.5

Velocity Spread 6.8%

Center Radius 0.79 cm

Guiding Center Spread 0.268 cm

Axial Magnetic Field 0•5-0.6 T

System: Frequency 9.85 GHz

Input Cavity Q 225

Buncher Cavity Q 225

Output Cavity Q 170

Theoretical Efficiency 42%

Theoretical Gain 60 dB
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topreventunwantedoscillations.

The use oflossydielectricsto suppressunwanted modes appearssimple.There are,

however,a number ofconsiderations.The two mos_ importantarechoosingthe realand

imaginarypartsofthedielectricconstantand decidingon a configuration,e.g.,alternating

ringsofdielectricand metalverst_ssoliddielectric.For highpower tubes,theknowledge

ofthe dielectricpropertiesover-_ratherlargefrequencyband, inour case6-20 GHz, is

essential.Thus,theissuesofmeasuringboth therealand imaginarypartsofthedielectric

constantsand modelingthesystemnumericallyareimportant.

We haverecentlycompletedastudyofsevenvacuum compatible,lossy,ceramicdielectrics

[seeAppendix].We placedsamplesofeachdielectricattheend ofa shortedwaveguide.We

usedthecomplexreflectioncoefficienttocalculatethecomplexdielectricconstantoverthe

frequencyrange8-12.4GHz. Inthenearfuture,we willincreasethefrequencyrangeofour

measurementsto6-26GHz withour new microwP.vesource.

To model thedielectricloadedcomplexcircuit,we havedevelopeda code basedon th__

scatteringmatrixmethod.It]Our code,"CASCADE", assumescylindricalsymmetry and

allowsoneradialregionoflossydielectricmaterial(e.g.,vacuum forr < roand dielectricfor

r0< r < rw wherer,,istheouterwallradius).Inaddition,we havea codethatcalculates

thestartoscillationcurrentina complexdielectricloadedcircuit.

Preliminarybeam testson the two-cavitysystemrevealedthatunwanted oscillations

occurredfrom 6 to 20 GHz. Nonresonantabsorbingstructuresinthe driftregionswere

shown to imDrovethesuppressionofmodes forthe two cavitysystem (seesectionII.C).

To achieveattenuationovertherange6 to20 GHz we areconsideringa slightlydifferent

nonresonantabsorbingsystemforthethree-cavitycircuit.

The operatingmode inallthreecavitiesofthegyroklystronistheTE011 cavitymode.

To isolatethecavities,theTEol mode attenuationinthedriftsectionbetweencavitiesmust

be greaterthantheintercavitygain,whichis40 dB betweentheinputand bunchercavities

and 20 dB betweenthe buncherand outputcavities.To achievethisattenuationinthe

nonresonantsystemwe placea smooth metaldriftsection1.5cm longon eachsideofthe

inputand bunchercavitiesand on theupstreamsideoftheoutputcavity;seeFig.25.The

remainingspacebetween the cavitiescontainsthe absorbinglossydielectric.The metal
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regions isolate the TE011 mode at 9.85 GHz in the cavities from the absorbing structures. At

9.85 GHz the TEol mode is evanescent in these regions and is isolated by 12 dB/cm. Thus,

in the first drift region the necessary isolation of 40 dB plus a 10 dB safety margin can be

achieved if the 4.25 cm dielectric region aas attenuation greater than 3.3 dB/cm.

For other than the operating mode, the absorbing structure is designed by optimizing the

attenuation in the least attenuated mode. Depending on the frequency and kind of dielectric

used, the least attenuated mode can be one of a number of hybrid modes which exist in a

lossy dielectric lined tube. In practice we measure the attenuation in the least attenuated

mode by injecting the TEll mode.

To determine the best absorbing system to use in the three-cavity circuit drift regions we

measure the power absorbed in the TE_l and TE_I modes by a number of different absorbers, i

We use an X-band network analyzer and pairs of TE_o _ TE_I and TE_o -.-*TE_1 waveguide

mode converters to generate the test signals. The two best absorbing systems we found are

a drift tube lined with 3mm of carbonized aluminum silicate (CAS)[2] and a drift tube lined

with a stack of rings made of beryllia mixed with 200£ silicon carbide (see Section II.C). Each

of the beryllia rings has an outer diameter of 6.2 cm and is 0.742 cm long. The inside radius

of the rings are tapered at 45°. Figure 26 shows a diagram of the two absorber systems

and Fig. 27 compares the TEll mode attenuation of each system in X-band (8-12.4 GHz).

Both systems give sufficient attenuation to isolate the cavities in the operating mode. Each

system has some advantages. The beryllia system is less porous and will outgas less in the

vacuum system, an& the CA.S system gives better attenuation in X-band. We will use tho

CAS system in our first three-cavity circuit. Figure 28 compares the measured attenuation

to the attenuation calculated by CASCADE for the TEtl mode in a drift tube with a 3.75

cm C AS liner as in Fig. 26b.

The cavity design for the gyroklystron evolves from our r_onlinear design code. This code

allows us to optimize the gain and efficiency by adjusting the circuit geometry and magnetic

field. The quality factors of #!le cavities are set relative to start oscillation current in the

operating mode. The magnetron input source injects RF into the input cavity through a

single axial slit in the _£'.dial wall.

To optimize the gain of the three-cavity system through penultimate tuning it is necessary
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" Metal

I

BeO-SiC CAS

(a) (b)

Figure 26: Axial cross-section of two drift tube absorber systems. The tube in (a) is made

of a stack of tapered BeO + 20% SiC rings and one metal ring, and is used in the present

two cavity circuit. The tube in (b) is a simple liner of carbonized silicate (CAS) and will be

used in the first three cavity circuit.
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Figure 27: Comparison of drift section attenuation for 2 mm carbonized aluminum silicate

liner (solid line) and for 1.5 cm BeO + 20% SiC liner (dotted line).
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Figure 28: Comparison of scattering matrix code "CASCADE" with measurement, for the

3 mm thick carbonized aluminum silicate absorber.

to adjust the resonant frequency of the buncher cavity. The tuning is achieved via a pair of

1/8 inch OD metal rods which can be inserted into the buncher cavity (Fig. 25). The rods

are positioned by a pair of micrometer linear motion feedthroughs located just outside the

magnetic field coils. Figure 29 shows the relation between rod position and cavity resonant

frequency. Except for these coupling slots the input and buncher cavities are identical.

Because the system operates at such high current, dielectric loading in the cavities is

necessary to prevent spontaneous oscillation. The SOC code is used to design the cavity

loading. The dielectric loading of the cavity must discriminate between the TE011 and TE021

modes. That is, the Q of the TEo21 mode should be considerably red,zced while leaving

the Q of the TEoll mode high enough for efficient bunching of the beam. The structure

which we found that works the best is a simple ring of lossy dielectric placed on the radial

wall of the cavity. To operate at 70% of the start oscillation current with a beam of 160

A requires a cavity Q of 320. Figure 30 shows the computed start oscillation current of

different modes after loading the cavities with dielectrics. As shown, the start oscillation

current is well above 200 A for the operating mode. We are in the process of computing the

start oscillation currents for the whole tube modes.
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Figure 29: Buncher cavity tuning curve. Negative insertion indicates that the tip of the
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Figure 30: Results of SOC for the input and buncher cavity design. The TMolo mode is not

unstable in this region of magnetic field. The operating current is 160 A.
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_,. Phase Noise Reduction in a Gyroklystron Amplifier

An expression for phase fluctuations in the output signal of a gyroklystron due to power

supply voltage ripple was obtained in a form that clarifies the parametric dependence of the

fluctuations, i.e.,

dgb=(l+ct2)l12(72-1)l/2(7+1 l+A2 l+a 2ct2 a2-7) wLdV7 c V' (1)

where de is the phase fluctuation, a = vj./v., is the perpendicular to the axial velocity ratio,

7 is the relativistic energy factor, w is the signal frequency, L is the gyroklystron circuit

length, c is the speed of light, dV/V is the fractional voltage ripple, and

A 72 - I c_2 _o

where f_/7 is the electron cyclotron frequency, A is called the normalized detuning parameter,

and gyrotrons are usually designs so that optimum operation occurs when A is in the range

between 0 and about 1.

It is clear from Eq. (1) that when comparing two gyroklystrons, say one designed to

work at low voltage (7 "_ l) with one designed to work at higher voltage, the low voltage

gyroklystron may be expected to operate with relatively small values of phase fluctuation.

Indeed, we have measured the phase fluctuation[a] in a 30 kV. three-cavity gyroklystron lo-

cated at the Naval Research Laboratory[4], and have found de = 4° for each 1% fluctuation in

power supply voltage. On the other hand, for the 500 kV four-cavity gyroklystron which was

studied at the University of Maryland. under the present contract, numerical calculation[5]

yielded d¢ = 28.5 ° for each 1% ripple in power supply voltage.

Both of these values of phase fluctuation are in good agreement with calculations made

using Eq. (1). Thus, if 500 kV gyrotrons are to be employed in driving high energy linacs,

feedback to reduce phase fluctuation is of compelling interest.

A fast feedback loop as depicted in Fig. 31 was employed[6] to reduce phase fluctuations

in the 30 kV gyroklystron mentioned above. Both proportional and proportional-integral

type feedback circuits were used.

In Fig. 32, phase fluctuation of the gyroklystron output signal is plotted vs. feedback

gain for the proportional feedback circuit. The feedback reduces the phase fluctuation from
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Figure 31: Experimental setup for phase jitter reduction by feedback circuit.

1.9 degrees to 0.9 degrees corresponding to a fluctuation reduction ratio of 0.47. A superior

phase fluctuation reduction ratio of 0.3 was obtained by adding an integrating circuit in the

feedback loop.

Using these results, one can estimate the degree of power supply ripple which could be

tolerated in 500 kV gyroklystron used as linac drivers. If the tolerable rms phase fluctuation

was de = 5° and a phase fluctuation reduction ratio of 0.3 were achievable by using feedback,

then the tolerable voltage ripple would be

dV 5°
-- = = 0.6%.
V 28.5(°/%) x 0.3

This is a reasonable power supply specification.
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Figure 32: Phase fluctuation vs. feedback gain in a gyroklystron.

III. TheoreticalResearch Progress

A. Nonlinear Code Update

For the last five years our primary design tool was our nonlinear gyroklystron amplifier code

GYKL. During that tirae we have added various improvements, the most notable being

space charge depression, realistic field profiles, and AC space charge[7]. Recently we have

obtained experimental data which can be compared to the predictions of GYKL, at least in

the linear regime. Figure 33 shows experimental and theoretical results for the two-cavity

experiment (tube IV as described in Section II.C) with the following parameters: Vb = 350

kV, h = 125 A, a = 0.8, and B0 = 5.09 kG. The dashed line in this figure is the theoretical

prediction with AC space charge included and the solid line is the experiment. Agreement

is fairly good, especially given the experimental uncertainties (input power, pitch angle, and

velocity spread are known only approximately). The almost exact match between experiment

and theory at 30 kW input power is probably fortuitous; at this input power we believe _hat

there is a shift in the field profile which enhances the efficiency and GYKL cannot model

such a shift at this time. Thus, in the region where we believe our code, the predicted gain

is higher than the experimental gain by about a factor of two.
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Figure 33: Comparison of theory and experiment for a two cavity gyroklystron amplifier

B. Mode Suppression

In the past year we have seen experimentally that mode competition is one of the greatest

obstacles to achieving our design goal of 30 MW. Mode competition, at least in the linear

regime, is in principle a straightforward numerical problem: find the fields in the cavity

and use those fields to compute the average change in energy of an ensemble of particles as

they traverse the cavity. However, because of the complexity of our system, computing the

electromagnetic fields is difficult and integrating the particles equations of motion is costly

in terms of computer time. Thus, our theoretical work in the last year has concentrated on

further development of two codes: CASCADE, which uses the scattering matrix formalism

to compute the fields in a complex cavity containing lossy dielectrics[l]; and QPB, which uses

the Lie transform method[8] to compute the start oscillation currents for the fields produced

by CASCADE. These codes are discussed in more detail below.

1. CASCADE

We were working on CASCADE :[or the past several years. Until recently, it has suffered

from two major drawbacks:
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I.Itcouldnothandlecavitiescontainingdielectricswithhighdielectricstrengths.

2. It had not been adequately tested.

In the past year, we have solved item (1). CASCADE can now compute the fields in

cavities with dielectric constants as large as 40 in reasonable geometries, certainly large

enough for our experimental requirements.

Testing CASCADE was more difficult, although we have made some progress. At present,

there are no other codes in existence (at least that we are aware of) that can adequately

handle lossy dielectrics, so comparison with existing codes is not possible; our code was
!

compared with URMEL-T for purely real dielectrics, and agreement was excellent. Thus we

were concentrating on experimental verification. So far the agreement between CASCADE

and experiments was fair; we were hampered mainly by the difficulty in constructing homo-

geneous lossy dielectrics and obtaining accurate values for the real and imaginary parts of

dielectrics which we do believe are uniform. A typical set of data is shown in Fig. 34. There

is certainly approximate agreement, but we do not know at this time whether the discrepan-

cies are caused by problems with the code or uncertainties in the values and/or homogeneity

of the dielectrics. At this point our sentiment is that the code is correct, although further

comparisons are clearly needed.

Finally, we note that when there are no dielectrics present, the agreement between CAS-

CADE and experiment is essentially perfect, as shown in Fig. 35. We hope to achieve the

same kind of agreement with lossy dielectrics present.

2. QPB

In the past, to compute the start oscillation current for a given mode, we would directly inte-

grate the equations of motion for an ensemble of particles. The problem with this approach

was that it took about one minute of computer time for every magnetic field point. This

was fast enough to characterize existing circuits, but too slow to perform detailed parameter

studies or include the effects of velocity spread.

Since we are interested in linear mode competition, it is in principle possible to use per-

turbation theory to compute the start oscillation current analytically. However, conventional
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Figure 34: Comparison of CASCADE with experiment for a complex cavity consisting of six

lossy dielectric rings (inner radius = 1.5 cm, outer radius = 3.1 cm, e = 9.2 + 0.4 i, length

= 0.74 cm) separated by five sections of metal waveguide (radius = 1.5 cm, length = 0.74

cm).
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Figure 35: Comparison of CASCADE with experiment for a complex cavity without lossy

dielectrics. This plot corresponds to Fig. 7 of Ref. 1.
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Figure 36: Schematic of the type of complex cavities we model.

perturbation methods are simply intractable in complex cavities of the type we employ. To

get around this problem we use Lie transform perturbation theory, which makes explicit

use of the Hamiltonian structure of the equations of motion. With this method, we were

actually able to derive an analytical expression for the start oscillation current in complex,

cylindrical, dielectric loaded cavities. Figure 36 shows a schematic of the kinds of cavities

we model. Each section, labelled by 2, is cylindrically symmetric and contains an outer

layer of dielectric with arbitrary thickness and dielectric constant. To compute the fields

in the whole cavity, we use the scattering matrix formalism:[1] the fields are written as an

eigenmode expansion in each section, and the mode amplitudes are determined by enforcing

continuity of the fields across a section boundary. At the ends, we take outgoing boundary

conditions. In a given section 2, the z-components of the electric and magnetic fields are

written

'

where w is the real part of the annular frequency, f,, and b, are the scattering ampli-

tudes computed by CASCADE, CE, and CH, are the mode amplitudes for TM and TE

modes, respectively, J,_ is the Bessel function of order m, m is the azimuthal mode num-



C37

ber, kj.. is the perpendicular wavenumber for radial mode n, k. is the z-component of the

wavenumber, and zL and zR are the ]eft- and right-most positions of section g. The quantities

fn, b., CF.n, C_n, k±., k., ZL, and zR should really have an additional subscript g denoting

section number; we drop that subscript for clarity.

The start oscillation current, I..o., for this type of cavity is determined from energy

balance; its definition is
wWE_

Is.o. _--
Q¼o

where W_._ is the electromagnetic field energy, Q is the cold cavity quality factor, Vb is the

beam voltage, and the efficiency, 77,is defined Jy

A7
r/--_.

3'-1

The quantity 7 is the initial relativistic factor (i.e., rnc2(7- 1) is the initial particle kinetic

energy), and rnc2-_ is the difference between the initial and final kinetic energy averaged

over the particles. The significance of the start oscillation current is that for beam c,rrents

greater than I,.o., the mode with frequency w and quality factor Q is unstable, while for

beam currents below I,.o., the mode is stable.

The energy shift A"'_,which is second order in the amplitude of the electromagnetic field,

can be computed using the Lie transform method. The result, which is actually not much

more complicated than the one for the right circular cylindrical cavity, is written

_o_lOrL wl_lorg

AW_.t = f.X(k.,C_.,CH.) + b.eik"Lx(--k.,-Cs.,CH.)

× [e-iknL-i(_+"Qc)Li2v. __ ei(_+,i2c)L]2v.]

xJ.__.(ki.r.) [Cm,_ _'-r-L'''" ( m, k__ + 1)J.(k_.rL)] .c Js[ E-l-nrL) -- CEn \ki.v, kj..

In this expression, Po = m_cS/q _ = 8710 MW, c is the speed of light in vacuum, 12o =

qBo/rnec is the nonrelativistic cyclotron frequency, B0 is the applied magnetic field, tic =

f/o/7 is the relativistic cyclotron frequency, rL iS the Larmor radius, rg is the guiding center
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radius, v, is the velocity, L is the length of section 2, and =.= (zL + zR)/2 for section g. For

clarity we have suppressed the subscript 2, which labels the section number; that subscript

should appear on the variables k,, k±,, f,, b,, CE,, C_,.,, L, and _.

Using this expression, we plot the start oscillation current versus magnetic field for tube

IV (see Section II.C) including the downtaper region and the output window. We look at

eight modes ranging in frequency from 6.09 to 7.47 GHz; all with azimuthal mode number

m = 1 operating in the first harmonic. The results are given in Figs. 37a-37c. Figure 37a

and 37b correspond to a beam voltage of 500 kV and a pitch angle, va./vz, of 1.5; Fig. 37a has

no velocity s_read while Fig. 37b has a velocity spread in v, of 10%. Figure 37c corresponds

to a beam voltage of 350 kV, a pitch angle of 0.8, and no velocity spread. In all three graphs,

frequency is in GHz.

We note that the total Cray time used to compute these graphs was about I hour versus

an estimated time (using the old method of integrating particles) of about 50 hours.

C. Linear Collider and Gyroklystron Studies (SAIC Collaboration)

During the past seven years, SAIC has played a role in gyroklystron development and lin-

ear collider scaling for the University of Maryland. This summary will describe the major

progress made over the past 18 months.

1. Linear collider scaling studies

Detailed computer models of the scaling of rf linear colliders were developed to assess the

role that a gyroklystron driver might play in a future multi-TeV collider. These models were

used to examine the scaling of the linear collider in energy, luminosity, and rf frequency. An

interesting early result of the study was the realization that high accelerating gradient (in

excess of 100 Mv/m) would be counter-productive because the required rf power scales as

the square as the gradient while the energy gain is only linear in the gradient. This scaling

can be outweighed by the difficulties associated with controlling the wake fields in a very

long, low-gradient accelerator. In fact, the SLC and the projected NLC are more susceptible

to wake field effects than later, higher gradient colliders will be.

A major thrust of these studies was to examine the frequency scaling of the coUider. As
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Figure 37: Start oscillation current in A vs. magnetic field in kG. All frequencies are in GHz.

a) Beam parameters are V_ = 500 kV, v.L/vz = 1.5, Avz/v, = 0; b) beam parameters are Vs

- 500 kV, ux/v, = 1.5, Av,,/vz = 0.1; and c) beam parameters are V_ = 350 kV, v_./v,, =

0.8, Av,,/v, = O. d) Tube IV used to compute s.o. curves for graphs a)-c).
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one progresses from S band to X band to K band, the device becomes more energy effÉcient,

but it also becomes more sensitive to beam loading effects generally, and also more difficult

to fabricate and align.

The most recent study has focused on the scaling from the NLC (0.5 TeV in the center-

of mass) to an NLC upgrade (1.5 TeV (CM)) and onward to a 3 TeV (CM) collider, with

the system luminosity scaled as the square of the energy to preserve the counting rate.

The sensitivity to wake fields at the low gradient of the NLC (33 MV/m) dictates that the

frequency not exceed X band (_. 12 GHz). The NLC Upgrade, with _. 100 MV/m gradient,

however, can operate up to Kt band (_ 20 GHz), provided that the SLAC structure was

modified to reduce high-order wake fields responsible for the multi-bunch beam-breakup

instability. Furthermore, building the NLC Upgrade at Kt band will make it expandable

to a 3 TeV (CM) collider. This last device requires an efficiency obtainable only through

high-frequency operation, and therefore should be designed at _, 20 GHz.

The character of the studies made was to reduce the parameter space to a plane, using

known relationship together with the specification of known quantities, and to plot curves

representing "constraints" on the parameter plane. For example, the eleven quantities which

describe the interaction point are reduced to seven independent quantities by virtue of the

relationships that define the luminosity, the disruption parameter, the beamstrahlung loss,

and the average beam power. Specifying five of these quantities then reduces the problem

to a two-dimensional plane; in SAIC's studies the ay- a: plane (transverse vs. longitudinal

bunch size) was utilized. The constraint inequalities map to allowed and forbidden regions

of the plane. A point in the allowed region is chosen for the interaction point, and the study

proceeds to an accelerator model. Here, a convenient plane turns out to be the E0-

plane (peak accelerating electric field vs. rf wavelength). Constraint curves representing

breakdown, maximum practical levels of average ac power and peak rf power are plotted to

this plane together with curves that describe longitudinal and transverse wake-field effects

(energy spread and transverse emittance growth). Again the allowed region of the plane will

correspond to accelerators which meet all of the constraints. Typically, the allowed region is

closed at high frequencies by the transverse wake-field effects and is closed at low frequencies

by the ac or rf power constraints. Since the wake-field limit is a very sharp cutoff, one gains
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by operating at high frequencies.

These results have consistently indicated that the optimal operating regime for the lin-

ear collider is _ 20 GHz, where wake-field effects are still tolerable, and the collider will

have the efficiency needed to reach multi-TeV energy at high luminosity. The gyroklystron

source offers the capability to reach such frequencies (which are likely to be inaccessible to

klystrons).

2. Linear collider cost analyses

A cost analysis for the rf drivers and their associated pulse compression systems only was

presented at the SLAC Workshop on the Next Generation Linear Collider (December, 1988).

That analysis was expanded to include cost studies for the NLC, the NLC Upgrade, and the

3 TeV (CM) collider. This study verifies SLAC's claim that the NLC is designed close to the

economic optimum where the length-associated costs are equal to the rf power-associated

costs. It also provides several interesting conclusions about the strategy needed to achieve

the 3 TeV collider at a reasonable cost. Since a Kt band NLC Upgrade is expandable to the

3 TeV collider, and since it costs no more to build the NLC Upgrade at Kt band than it does

at X band, the savings attained by building the # TeV collider as an expansion of an NLC

Upgrade built with 20 GHz gyroklystrons rather than building it from an NLC Upgrade

built with 12 GHz klystrons will be well in excess of one billion dollars.

This option exists only if a 100 MW peak power gyroklystron at 20 GHz can be developed

and demonstrated to have reasonable lifetime and cost by the time the NLC Upgrade is ready

for final design.

3. Effect of energy spread on the beam breakup instability

The use of Landau damping (or more properly, BNS damping) was recognized as the means

of controlling the single-bunch beam breakup instability in a linear collider. The damping

effect occurs when an energy spread is deliberately introduced on the bunch so that the

tail has a lower energy than the head. The negative chromaticity of the linac lattice then

assures that the tail will be more strongly focused by the applied focusing fields. Since the

transverse wake fields tend to defocus the tail more than the head, these two effects can be
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made to approximately cancel each other.

Early theoretical studies of this damping mechanism included simulations by Bane and by

Henke, and analytical studies based on a two-particle model for the bunch (where the bunch

is modeled as two point particles, one at the head and the other at the tail), and more serious

theoretical models by Chao, Richter and Yao, and by Balakin, Novokhatsky and Smirnov.

The Chao-Richter-Yao model did not include energy spread, while the Balakin-Novokhatsky-

Smirnov model assumed the transverse wake field to be constant over the bunch (the actual

transverse wake field increase linearly from zero at the beam head).

The calculation carried out at SAIC includes energy spread, a linearly-varying wake field,

and acceleration of the bunch in an analytical mode. The model shows that the oscillation

amplitude of the bunch stops growing after a finite distance that depends on both that

magnitude and the sign of the energy spread. An asymptotic expansion of the exact result

is obtained that is valid for large propagation distances and yields an approximate criterion

for the validity of BNS damping.

4. Gyroklystron cold-test calculations in three dimensions

The large, overmoded cavities used in gyroklystrons enables them to handle large power

at high frequency, but introduces the problem of eliminating spurious oscillations. The

experimental program at the University of Maryland is dealing with this issue by introducing

lossy elements in the wall of the cavity to selectively damp unwanted modes. SAIC has

attempted to assist this portion of the experimental effort by running three-dimensional

simulations with the ARGUS code to benchmark the results of an in-house design code

at the University of Maryland. The results from ARGUS indicate that the lossy element_

planned for the experiment should eliminate the mode completely. Test calculations on model

problems showed reasonable agreement between ARGUS and the University's internal code,

which will be used for future designs.
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