S

. - r‘, ( ' | : L ~2506%
2 ot uvcro-—20646

5
-] 5 DE86 006933

[

td

ELECTRON BEAM BRIGHTNESS WITH FIELL
IMMERSED EMISSION

J. K. Boyd
V. K. Neil

DISCLAIMER

“This report was prepared as an avoount of work sponsored by an agency of the Uniled States
Government. Meither the United States Government nor any agency thereal, nor any of their
cmployees, makes any warranty, cxpress or implied, or astumes any legal liability ot responsi-
bility for the accuracy, completeness, or ascfulness of any information, apparatus, product, or
process disclosed, of represents that its use would nat infringe privatcly owned rights. Refer-
ence hercin to any specific commercial product, process, or service by trade pame, trademark,
manufacturcr, ar otherwise docs not necessarily constitwie or imply jts endorsement, recom-
mendation, or favofing by the United States Gavetnmient or any agency thoreof. The views
and opinions of authors expressed herzin do pel neccssarily state or refleet those of the
United States Government or any agency thereof.

December 3, 1985

T!!is ‘is an informal report infended primarily for intemal or limited external
distiribution. The opinions and canclusions stated are those of the author and
may or may not be those of the Laboratory,




ELECTRON BEAM BRIGHTNESS WITH FIELD IMMERSED EMISSTON*

J. K. Boyd and V. K. Neil
Lawrence Livermore National Laboratory
University of California
P. 0. Box 808
Livermore, CA 94550
December 3, 1985

ABSTRACT

The beam quality or brightness of an electron beam produced with field
immersed emission is studied with two models. First an evelope formulation is
used to determine the scaling of brightness with current, magnetic field and
cathode radius, and to examine the equilibrium beam radius. Second, the DPC

computer code is used to calculate the brightness of two electron beam sources.
I. INTRODUCTION

Coherent radiation hz- been generated by transferring kinetic electron
beam energy into electromagnetic radiation. The viability of this nrocess
depends on the dernsity of electron beam current in phase space or beam
brightness. Thus, it is useful to obtain an estimate of the brightness of
possible electron beam sources. In addition knowledge of brightness infers a
propagating beam radius if the effective beam current is known. The electron
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beam source parameters of this investigation are a current of 100 kA and an
energy of B MeV. 1t is assumed the heam is axisymmetrically emittad from a
field immersed source with field strengths in the neighborhood of 20 kG.

In an axisymmetric beam confiquration the canonical angular momentum,
P is conserved. This means a beam emitted with finite Pe in a magnetic field
rotates when it leaves the field. As shown previously [1] a finite Pe results
in an effective beam emittance. The brightness scales like the beam current
divided by emittance squared. Thus, the brightest beam is obtained from the
smaliest Pa. For magnetic field immersed emission a minimum magnetic field is
desired in order to transport a beam at a reasonable radius. A minimum
magnetic field implies a minimum Pe and corresponaingly a minimum effective
beam emittance. Thus, a maximum beam brightness is imposed by the necessity
of a particular magnetic field sirength.

The nominal behavior of & finite Pa beam is examined irn Section 11 using
the envelope equation. The envelope formulation is used to determine the
scaling of brigntness with current, magnetic field and cathode radius. From
the steady-state envelope equation the egquilibrium radius of an immersed
emission beam is determined in and out of a magnetic field. Two computational
results are presented in Section 11]1. The DPC computer cade is used to
calculate the brightness of two electron beam sources in the parameter regime
of interest. These calculations provide a measure of the validity of the
envelope formulation predictions for brighiness. They also indicate the
magnitude of brightness which can be expected for the parameter range under

investigation,



II. ENVELOPE EQUATION TREATMENT

The rms envelope equation [2] for beam current 1_ 1s below.

b
2 1, (amp) k %R 2
u+(b )r_+ c _ IE{rad-cm)} =0 (1a)
g2 IO YR Ta 53 =Y a

Equation 1(a} assume: no scattering, no energy 10ss and § = 1 where B = vw/c

and vy = (1 - ﬁz)"]/z_ The following definitions apply to Eq. (1a)
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where q is the particles' charge, m is rest mass, ¢ is the speed of light, £
is the effective normalized rms emittance (rad-cm), and fc, fm are charge and

current npeutralization fraction respectively. For a charge neutral beam

—
-
[}

1) rIr simply becames the net current In = Ib(l - Fm)A In vacuum

et
(f. =0, fm = 0) we have rlb = - Ib/Yz s0 the second term in Eq. (la) scales
11ke 7_3. For various degrees of charge and current neutralization the
scaling of the second term in Eq. {1a) ranges from 7_] to 7_3. The term -» O
and changes sign when 82(1 - fm) =1 - fc.

The envelope equation and Eq. (1) definitions can be used to determine

formulas for brightness and equilibrium radius. In the sfituation under

investigation the beam is emitted trom rest in a magnetic fieid B. For a

cathode radius of Teath Eg. (1g) and Eg. (1h) yield,
ymck
c 2
Po = T2 Tcath (2a)
vk
c 2
E =7 "ath (2b)
A “working" definition of brightness, g [3] for uniform phase space is
Zlb(amp) ,
= (3)
9[E(rad-cm)}
(The general definition of # 1s gliven in Section IIT.) Substituting
Eq. (2b} and Eg. (1f) inte Eq. (3) gives Jf(amp/(rad—cm)z) in Zerms of
Ib‘ rcath and B.
I {amp)
g=1x 'IO7 bz n (4)
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In eguilibrium dzR/dz2 = 0 and Eq. (1a) gives the equilibrium

envelope radius, Reqin in the magnetic Field.
2,-2 —2
Reqin = [2(Ek, (5)
+ (r1,717,0000% 2172
-1,-2,1/2

-2 (1,/17,000) ¥k °]
rcath/\fii Outside the

magnetic field kc is set to zero in Eq. (1a) and the equilibrium radius then

. 2 _
1f Flb is small compared to 17,000 ykc then Reqin =

depends an kc through the emittance, Eq. (2b).

2
k r 1/2
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Substituting Eq. (1f) gives,
1/ 1/2

- 2 _iEQl 100,000
Requut =15 Featn o ! ( ) O (amp)) - (6b)

Envelope formulas for brightness and rms equilibrium radius given by
£Eq. (4), (5) and (6) can be used to obtain quantities as a Functien of cathode
radius. For example, choosing B = 17 kG and y = 16, parameter values are
given in Table I for cathode radius ranging from 1.2 c¢m to 9 cm. The bhright-

ness is calculated for lb = 1DSA. The values of Reqin are obtained by setting

B 2 .
Fc = fm 0 so that rIb = - Ib/Y . The values of Reqout are calculated for
fc =1 and fm = 0.3 s0 that rlb = U.7Ib.
r {cm) J?(amp/[rad-cm]z) R {cm) | R {cm} Current (kA/cm2
cath eqin eqout density
9.00 0.53 6.36 24.64 0.3
2.32 118.00 1.64 1.64 6.0
1.36 1000.00 0.96 0.56 11.2
1.20 1670.00 0.84 0.44 221

TABLE 1. Envelope Formulation
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The brigktness values are optimistic for the chosen parameters since a finite
emissian temperature increases E whirh then re<ults in a smaller brightness.
In order to get brightness above 103 amp/(rad—cm)2 it is necessary to have a
cathode radius less than 1.36 cm which implies a current density greater than
17.2 kA/cmz. For the parameter values chosen a matched radius restlts with

= 2.32 cm for which R =R = 1.64 cm.

Tcath egin eqout

IT11. COMPUTATIONAL RESULTS

The DPC computer code [4] has been used to determine the beam brightness
far two cases in the B8 Mev, 100 kA, 17 k6 parameter range. DPC is a particle
code whichk solves the relativistic equation of motion with fields obtained in
the Darwin approximation. DPC calculates hrightness using the fallewing

general formula.

12 1
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In Eq. (7) Ib is the current enclosed in the V4 four dimensional phase space
volume. The general definition aof brightness 1s not standard. Thus, note
should be made of the w? factor in Eq. (7) which other researchers may not
have in their definitions.

Both cases run by DPC are diode configurations with 8 MV anode voltage
and a uniform dc¢ magnetic fileld of 17 kG. In the first case a 9 c¢m radius
flat cathode was used with an B.5 cm A~K gap. The cathode radius was sized to

yield an average emission density of 400 amp/cmz. This is significantly

R



higher than operational accelerator injectors at Livermore but is conceivable.
The A-K gap was selected to draw 100 kA with space charge Timited emission.
it shauld be noted the stress exceeds 1 MV/cm which is unrealistic if emission
from structures near the anode must be avoided. The beam radius as a function
of z along with potentiat lines is shown in Fig. 1a. The cathode and anode
are indicated with shading. The beam radius is held nearly constant by the
17 kG field. The scalloping behavior octurs at approximately the 10 cm cyclo-
tron wavelength which is expected. The current density as a function of
radius at z = 1.5 cm is shown in Fig. 1b, and ranges from 200 to BOO amp/cmz.
Emission preferentially occurs at large radius whicn is nearer the anode and
thus the beam tends to have a hollowed current profile. The brightness versus
enclosed current for this example is approximately constant with value
.3 amp/(rad—cm)2 at z = 58 cm.

It is clear from Eq. (4) a smaller cathode radius increases brightpess.
To emphasize this effect in the secand example a 1.2 cm radius flat cathode
was used with a 1.4 cm A-K gap. The average emission density for 100 kA is
22,000 amp/cmz. A density this large causes material surface problems and
21so raises the issue of whether the diode could be discharged mare than
once. The electric field stress corresponding to B WY acvoss 3.4 c¢m is
unthinkable if it is necessary to prevent emission from the siructure around
the cathode. The beam radius as a function of 2 alang with potential lines is
piotted in Fig. 2a. The cathode and anode are indicated with shading. It was
necessary to 1imit the axial length of the anade to .6 cm at a radius of
1.2 cm to avoid spilling current. For this case the beam tends to pinch
strongly moving away from the cathode and then suddenly diverge moving past

the anode. The edge radius swells to 2 c¢m before rolling over and collapsing



toward the origin. A near virtual cathode structure develops at z = 8 ¢m
where the potential is depressed to 12% of the anode value. The beam
conditions are far from equilibrium and the radius is modulated by 50%. This
is much more drastic than the first case where only gentle scalloping
resulted. The current density as a function of radius at z = .3 ¢cm is shown
in Fig. 2b. The emission density varies from 5,000 to 25,000 amp/cmz.

Again, the beam has a hollow current profile with preferential emission
nearest the anode. The brightness versus enclosed current is constant at a
valua of approximately 103 amp/'(r‘ad—cm)2 at z = 10 cm. The brightness
definition assumes a phase space with a constant eneryy value. For this case
there is a substantial energy variation due to the potential depression. Thus
the 103 value, calculated with an average energy is valid onily within a
factor of two.

The DPC results are summarized in Table II.

r .., (cm) Stress (MV/cm) (amp/[rad-cm]z) Current (kA/cmz)
cath
density
9.0 ~ 1.0 0.3 0.2 to 0.6
1.2 ~ 6.0 1000.0 5.0 to 25.0

TABLE II OPC Results

CONCLUSION

The envelope formulation has been used to obtain the scaling of bright-
ness for immersed emission of an electron beam. The brightness scales linearly
with beam current and inversely with magnetic field squared. The brightness

scales jnversely as the fourth power of the cathode radius. In the parameter
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regime of interest the envelope formulation predicis a matched equilibrium

racius (R =R = 1,64 cm) with a brightness of 120 ampf(rad—cm]z.

eqin egout

To get brightness above 103 amp/(rad-cm)2 it 95 necessary to have a radius
less than 1.36 n which implies a current density grezter than 17.2 kA/cmz.
The predictions of the envelope formulation have peen further investigated
with the DPC computer code. Two 8 MeV cases were examinad with configuratiors
designed to generate 100 kA. The first case is thought tao be bu'ldable, but
having an undesirably large electric field stress. This case with a 9 ¢m
radius cathode resuited in an unacceptably poor brightness of .3 amp/irad—cm)z.
In the second case the cathode radius was reduced to yield higher brightness.
Between these two cases the inverse radius to the fourth scaiing worked well
and a 1.2 cm radius cathode ylelded a brightness of 'IO3 amp/(rad"cm)z. This
level of brightness is only marginally interesting. However, it is not be-
Jieved that such a configuration could be operated in a repetitive mode
experimentally. It may be possible to improve brightness by a factor of
2 or 3 by employing multiple electrodes. In a multiple electrode scheme the
first gap stress must be large enough to draw the required 100 kA current
Succeeding gaps must have the same o* ircreasing stress levels to avaid
de-focusing. Thus, again an experimertally possible configuration is unlikely.
Envelope formulation predictions of brightness are more optimistic than
DPC computational results. There are at least two aspecis of the envelone
equation which can lead to this discrepancy. First, the envelope eguation
does not account for the dynamic evolution of the real beam profile. The

envelape equation has no knowledge of radial mixing of charge. This effect



has a great impact on brightness. S5econd, the envelope equation loses
validity when the axial velocity is comparable to the transverse velocity.
This difficulty s especially pronnunced near a region of petentia) reduction

such that By is not approximately equal to 5.
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Figure 1. 9PC result with 9 em radius cathode: a) Beam radiys and
potential lines with 667 kV spacing; b) Current density versus radtus
at z = 1.5 cm.
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Figure 2. DPC result with 1.2 cm radius cathode: a) Beam radius and
potential ¥ines with 667 k¥ spacing; b} Current density versus radius
at z = .3 cm.
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