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1. General Considerations

In this chapter, some simple relations which are helpful for the
electron gun design, are presented. The near-cathode region is repre-
sented in Fig. 1 along with its fundamental parameters. A number of
additional parameters can also be defined or estimated by simple
adiabatic theory. The current density, jk, on the emitter strip is
given by:

~ 1
é%\ B 2\ RﬁQ% (1)

The value of jyx must not exceed the space charge limited current
density jsp which is related to the potential drop at the cathode
Ve by:
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where Ve is in kV and dg in am.

Assuming that the emitted electrons have their total velocities ini-
tially equal to zero, their oscillatory velocities are given by [1]:

Ve

Vig = ——= (3)

Neglecting space charge effects and assuming adiabatic flow, the
oscillatory velocity at the output of the gun (entrance of the energy
extraction region) v, o is related to v,k by:

YoV = K& Ve (4)
B > cﬂ@ E)O

where vy, is the relativistic factor of the electrons given by:

Yo A + N (5)
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V5 being the beam voltage in kV.

Since the longitudinal velocity vy is related to v,y by:
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we can see from Eq.(4), that for a given cathode geometry and magnetic
field configuration, the maximum value of Ve is limited by:

Ve < B s [ 2eVe V"

\6\0 M e '\BO (7)

For values of Vg higher than this limit, electrons will be reflected
towards the cathode by the high magnetic field. It is interesting to
note that higher magnetic field at the cathode will increase this
limit on the control electrode potential Ve. Nevertheless, arcing
considerations (Ex < 100 kV/cm) and sufficient clearance for the
beam between the emitter and the control electrode impose other
constraints.

Another helpful relation for the electrode gun design is obtained

by invoking the angular momentum conservation (or Busch theorem):

D,
Ry = 3 T Ro (8)

which relates the beam radius R, and the magnetic field By at the gun
output to the emitter radius Ry and the magnetic field Bg. This

relation remains valid even when space charge is present.

All the precedent considerations, although useful, are not suffi-
cient for an accurate optimization of the electron gun, since the
space charge effects are neglected. Moreover, the spread in electron
velocities (which is an important parameter for the gyrotron) cannot
be calculated. In the next two sections, numerical simulations of the
electron trajectories are discussed. In most of the calculations
presented in the following, the gun parameters dx, &k, Rc and ¢

are fixed and given in Tab. 1.



dx 4 mm
2k 3 mm
Ry 9 mm
o 30°

Tab. 1 Cathode parameters

2. Numerical model

The Herrmannsfeldt EGUN code [2] is used to simulate the electron
trajectories in the electron gun. The effects of space charge and self
magnetic fields as well as the realistic geometry of the qun are
accounted for. The magnetostatic field required to adiabatically
compress the beam is computed by a magnetic field code which calcu-
lates the B-fields from a given axisymmetrical coil structure [3]. The
output from this magnetic code consists of a table of the azimuthal
components Ay of the vector potential, defined on a 2-D (r,z) mesh.
From this table, EGUN computed the required By and B, fields by
numerical interpolation and differentiation. The relevant characteris-
tics of the beam at the entrance of the energy extraction region are
determined by the averaged values and standard deviation of the elec—
tron velocities defined by:

N
M= >_ MGy (9.a)

(9.b)

Vo
X = /\/:_ (9.c)

The total number of trajectories N is taken as high as 48 in most
of our calculations. The mesh interval (in both directions r and z) is
equal to 0.25 mm in computing trajectories between the cathode to the



cavity region. This high spatial resolution is required to describe
accurately space charge effects which dominate near the emitter
region. From the cavity region to the collector, the mesh interval is
taken larger since space charge effects are no more important and the
electron beam widen. Interactions between the electrons and the A.C.
cavity fields are not accounted for in this model.

3. Numerical results

Two types of problems are treated there. The first type is the
sensitivity of the beam performance at the entrance of the energy
extraction region, to the variations of the gqun parameters and the
static magnetic field shape at the cathode. In the second problem, we
try, with the same numerical code, to estimate the power density dis-
tribution on the electron collector.

3a. Beam performance

We have defined the beam performance essentially by the velocity
ratio o« and Av, /v, defined in Bgs. (9), at the entrance of the cavity

region.

In a preliminary set of calculations, we have analyzed the sensi-
tivity of « and Av /v for three guns respectivity labeled by GUN 7,
GUN 8, and GUN 9. They differ only by the cathode shape (c.f. Figs 2a,
2b, 2c). All three guns are immersed in a static B-field produced by
the coil system represented in Fig. 3. The anode potential Vy is 70
keV and the beam current, 10 A. By comparing the curves in Figs. 4, we
can see that the velocity spread Av, /v, is much higher for the ¢=25 °
gun than the other two. This is possibly due to the non-laminar flow
near the emitter in the ¢=25° gun (Fig. 2b). Changing the shape of
the "cathode nose" (Gun 9, Fig. 2c) merely shift the performance
curve. For values of Vg higher than those represented in Figs. 4, we
found that electrons are reflected by the high B-field region, as
predicted by the relation (7).



From this, we have decided to consider only the GUN 7 geometry in
the investigation of the influence of the B-field shape on beam per-
formances. Due to technological constraints, the coil structure is now
slightly changed (Fig. 5). To simulate the variation of the B-field
shape on the emitter strip, we have done calculations for different
positions on the emitter center, keeping the coil positions fixed.
Values of a« and AYJ. /v, are given versus the derivative dB,/dz
defined on the center of the emitter, whose axial positions (in cm)
appear as labels on Fig. 6. The values of the beam performance corres-
pond to those found at 29.1 cm beyond the emitter cathode. From these
calculations, it seems that the velocity spread is very sensitive to
the static B-field shape on the cathode. To investigate in more
details this effect, we have fixed the axial position of the emitter
center at 2zo=-22.8 cm. The current in each of the four coils shown
in Fig. 5 is given by the following requirements.

* At the entrance of the energy extraction region (z=22.3 am, r=.2 am)
the Bz-field is determined by the resonance condition for 120 GHz

gyrotron :
(10)

and decreases linearly by 8% over 5.6 am. In the following calcula-
tions, Q/w=1.13.

* On the emitter (z=-22.8 cm, r=.9 cm), the B-field is deduced from
Eq. 8, since all the others parameters are fixed. The last condi-
tion, which is necessary for the determination of the current, is
the slope of the axial field dB,/dz.

The influence of this slope on the beam performance at z=16.3 cm
(where Bz=5.22 T) is shown in Fig. 7. From these curves, it seems
that the velocity spread is less sensitive to the slope variations,
than the previous calculations. This can be expected if we note that
the emitter position (2z=-22.8 cm) relative to the coils, is already
optimized (c.f. Fig. 6).



The beam performance curves, versus the control electrode poten-
tial Ve, the anode potential V5 and the beam current I, are shown
respectively in Figs. 8-10. It is interesting to note that space-—
charge—effects cannot be neglected, even for a beam current of 3 A and
that they decrease strongly the perpendicular velocity for I>10 A.

The main conclusions of these extensive numerical computations

may be summarized as follows :

* For a given coil structure, the axial position of the electron gun
emitter and the current in the gun coils, are critical if a minimum

velocity spread is required.
« A 10 A, 70 keV electron beam with « = 1.5 and AV_/v.. = 3% can be

produced by the electrode configuration of the proposed electron

gun.

3b. The electron collector

We have performed some simulations of the electron trajectories
from the emitter to the collector with the numerical code described in
chap. 2 (Fig. 11). The interaction between electrons and the A.C.
cavity fields is neglected in these simulations. This implies that the
energy flux calculated on the collector would be rather pessimistic.
On the other hand, the collector axial position determined by this
method, could be inaccurate.

Fig. 12 shows the distribution of the heat flux on the collector
when the static B-field is decreased to 0. T at z=3.5 m, by two coils
placed in the collector region [3]. Increasing this collector field
from 0 to 10 G does not change very much this heat flux distribution.
Since about 30% of the electron beam power is lost in the resonator, a
value of 500 Wﬂmnz for the peak heat flux on the collector seems quite

realistic.



Trajectory calculations with appropriate electron distribution at
the output of the energy extraction region (determined by a cavity-
beam interaction code) will be done in order to estimate more accura—

tely the axial position of the electron collector.
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FIGURE CAPTIONS

Fig. 1 The near-cathode region.

Fig. 2a Electron flow near the emitter in GUNi7.
Fig. 2b Electron flow near the emitter in GUN#S.
Fig. 2c Electron flow near the emitter in GUN#9.
Fig. 3  Stucture of coils.

Fig. 4a Velocity ratio a and velocity spread Av, /v, versus control
electrode potential Vg for the ¢=30° guns.

Fig. 4b Velocity ratio a and velocity spread Av, /v, versus control
electrode potential Ve for the ¢=25° gun.

Fig. 5 Disposition of coils and the Bz-profile on the axis.

Fig. 6 Variations of the velocity ratio a and the velocity spread
Av_ /v, versus z—derivative of B, defined on the electron
emitter. Each point of the curve is labelled by the axial

position of the emitter in cm.

Fig. 7 Variations of the velocity ratio a« and the velocity spread
Av, /v, versus z-derivative of B, defined on the electron

emitter. The axial position of the emitter is fixed.

Fig. 8 Variations of the velocity ratio a and the velocity spread
Av, /v versus the control electrode potential. The emitter is
at 2=-22.8 cm, the z-derivative of B, on the emitter
dBz/dz=30 G/mm, the beam current I=10 A., the anode poten-
tial Vz=70 kV.
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Variations of « and Av_/v, versus V. The control electrode
is at 30 kv, all the other parameters are the same as in

Fig. 8.

Variations of « and Av, /v, versus I. The parameters are the

same as on Fig. 8 and Fig. 9.

Electron trajectories from the electron gun emitter to the

electron collector.

Heat flux distribution on the collector for an electron

energy flux of 700 kW. The collector radius is 15 cm.
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FIG. 11

& 3
a d
P4 Lo
~ tu
l .
| \ 2
— \ -4
3z ot
= H53
2 \\\\\\\\\\“ s L=
Sl
QX
8 ) ‘\‘\\\1“““ g
= T T T N T T T T T T 1 S
237 00 -221 00 -217 00 -207 90 -191, 6o -187 00 ~177. 00 -167 60 -187 0¢ ~147. 00 -137 00 -127 04
BUNET(0) ¥E =30. KV | = 10. & 30703784, CRPP-EPFL [wd)
©
2 bt
= e
>
£ —— -
= M i P P W = et §
s ( -3
& T T T T T T T Y T T T T T T T 1 1 &S
~131. 00 -127 00 -117.00 -167. 09 -97. 00 ~-87.0G -17.00 57, 00 -51. 00 -41. 00 ~31. 00 -21. 6%
GUNET(1) YE = 30. kY | = 10. A 30703784  CRPP-EPFL [
°
3
=3 .
S <
= g
:
g -
=i ]
2
2 JN g?
s T T T T T ¥ T T T T T 1 T Y Tos
=37.00 -27.00 ~17.00 -1. 00 3. 00 13. 00 23. 00 13.00 43,00 53,00 63. 00 73, 00=
BUNST(2) YE= 30. KY 1w 10,  30/03/84. CRPPEPFL
-
-
s s
&4 3
19
& 3
g s+
<! T T T T T T T T T T T T —T TS
63. 00 73. 00 83. 00 21 00 103. 00 113. 00 §23. 06 133.00 143.00 153 bo 163 00 173 00a
OUNPT(I) YE = 30. LY | =10 02/04/84. CRPP-LPFL
°
S
= <
- av
= 2o
¥
z 7 =2
o T T T T Y T —T T T TasS
163. 00 113 09 183 00 193 00 203 00 213, 00 223 00 233 % 243 00 253 99 261 00 213 00 =
BUNOT(4) Y€ = 30 Y | a8  02/64/84 CRPPLPFL



-
-4
b4 &
S- 3L
3
)
a2 "
2 8
3
2 2%
S T T T T T T T T T T T T toT
263 00 273 a0 283 00 293 00 303 00 313 60 323 a0 133 00 343 00 3531 a¢ 363 00 373 00 &
GUNST(S) YL =30, LY | = 10 02/04/04. CRPP -LPFL
o
= b4
S !
5 sy
= <e
*
T
= 4]
— L}
2
o s
° @
s T T T T T T T T T T T T s=
0. 00 16. 00 20. 00 30. 00 40. 90 $0. 00 60. 00 10.00 60. a0 90. 00 100. 00 110, 68
GUNET(6) YE =30. €Y | = 10 02/04/84. CRPP-EPFL
-
(=3 o
] /
< ar
= -
"
3
= -
had E
— =
s T <3
< T T T T T T Y T T T T L T ol
463. 00 473. 00 483. 00 493. 00 §03. 00 $13. 00 $23. 00 $33.00 543.00 §53. 00 563, 00 STy 00 =
BUNFT(T) YE = 30. KY | = (0. 02704784, CRPP-EPFL
-
= 2
= &
kY
z
2 -3
< T T T T T T Y T Y T T T Y 1 o
563 ob §t3 a0 583 o0 593 00 603 a0 613 00 623 g0 633 a0 843 00 631. 00 661 a0 673 00 =
BUNST(9) YE =30, KY | = 19, 02704704, CRPP -(PFL
e b4
< 1 2
~ ~
v
-
19
. =
5 *
= 3
- ,_:
~
=
4 3
< T T T T T T T 1 &
663. 00 €T3 00 663 00 733 90 T43 04 751 a¢ 763 04 77308

693 o0 T43 00
PUROT(9) Y€ =30 (Y | =10

T13 00 723 00
02/04/84. CRPP -{PFL



200, 00

2 v
o -
« 5
T
¥
2
i e H
-2 | s2“
& T T T T T T T T T T T T T T T v T T e
76. 30 78.30 82 30 84.30 96.30 00.30 90.30 3230 84 30 96. 30 20,10 =
GUNAT{10) YL = 30, KY 1 = 10 ©03/04/84. CRPP-EPFL {w) o~
°
S
© %
< Se
o~ -—
] :
T
°
w
5 8
P e T T T T T T T T T T T T T T T T T T T Tda=
6. 30 28, 30 190,30 102,30 104. 30 106,30 106,30 110.3¢ 112.30 1e.30 11630 18, 305
GUNMT(11) YT = 30. KY | < 10 03/04/04  CRPP-EPFL { W) eip
[-4
° g
s S
~ -
=
T
-
%
"
g 5
2
— o®
£=3 @~
3 T T T 1 R T 1 1 T 1 T T L 1 T T 1 T T o':
116.30 1ne. 30 124. 30 122. 30 12¢. 30 126. 30 126. 30 130.30 132.30 134.30 136.3¢ 130.30 =
BUNAT(12) VE = 30. XY § w 10  03/04/84  CAPP_EPFL ) 4104
- -
e -GS
o~ e
&
T
-
*® L
3 3
— -t
=3 °t\
o | T e Bl T T T T V. T T T B T T T T T T T o
136 30 138 30 148 30 142 30 14430 148 30 148 30 150 30 152 30 154 30 156 30 1830 =
OURF7(13) YE « 30. 1V | = 10 03/04/84 CAPP-EPFL ) *o

’—C
-
o
-
~

v

-

&
o

)

]

23

-

~

&
= 2
- T T T T T T T T T T T T Y T T T D 4
184 3o 15e. 162. 3¢ 183 30 160 50 170 30 174. 50 177. 50 ne 3a 18338 19639 189 30

CURET(14) YL = 30 KY 1 - 18 03784764  CRPPEPFL [ w) e =



©
= a
= :
3 y .o
- =
1
o
v
28
o2
b3
<
=
o o
a s
< T T T T T T T T T T T L Ll P o
181 3% 164 3% 187 3% 190 33 193 35 196 35 199 3% 202 18 205 33 208 335 2 13 214 38
GURST(15) ¥[ = 30. kY | =10, 03/04/84. CRPP-EPFL [ )
\ =
P s
= "
; -
-~ -
5
by
T s
<
33
Fe3
&
-
o<1 o
b b3
L T T T T T T T T T T T T T T T -
201,43 294,43 207,45 218 4% 213.45 216 45 219 48 222.45 225,45 229 45 230 s 234 4§
GUNET(16) YT = 24. XY 1 = 10.  03/04/04  CRPPEPFL { W)
o g
=)
p -
- -~
A
%
S2
—zz
~
&
4 -
< -3
> S
< T T T T T T T T T T T T T T <
221.58 224.5% 221.58 23055 231.5% 23655 239. 55 242,58 24555 244.55 251. 55 254 5§
BUNIT(17) VL « 30, KY | =10, 03/04/84. CAPP-EPFL {uu}
b | ~
=3 =
- .
< -2
>
3
—
L)
;8
l-.gg
~
=
. -
° o
2 e
-] T T T L L T T T T L T 1 ¥ T o
241 85 244 8BS 247 65 250 &S 253 85 256 88 258 85 262 &S 263 &S 268 65 amn es 274 8%
oUNF7T(19) YL « 30. XY { « 10, 03704784, CAPP-EPFL { o
-
s
L &
~
4
o
| -
=2
La2
e
-~
-
L
- -
b :
&7 T B 2 T T T T T T T T T T &
261 T3 769 15 271 7% LR 1Y N7 18 123 1% 3 718 141 18 349 7§

205 1% 95 18 300 18 20
SUNST(19) YL « I8 &Y | = 18 03/B4/84  CRPPEPFL



=
a
[~
v
<
s
3§
L2 2
>
fey
=
-
i .
e a
a .
o T T T T T T T T T T T T T T T T T T T i
325 18 133 7% 341 73 345 15 351 18 165 1% I3 15 381 78 189 15 397 18 405 7% 413 1%
GUNET(2D) v[ = 30. L¥ | = 0. 03704784 CRPPEPFL [w) €0
o
s <
3 b
< -
s -
5
~ v
-
v
o 28
e 22
— v
~
P
k=4 r s
< T T T T T T T T T T T T T T T T i
325.75 338 1% 3417 349. 7% 381. 15 365. 7% 73. 1% I8LIS 389. 1% 397.15 03 T3 413,15
GUNNT(20) YE = 30. KV 1 =10.  03/04/04,  CRPP-EPFL {w "o+
- -
o
| 5
-
-
-
L ®
| 22
LF
-
a &
g <o
3
<1 T T T T T T T T T T T T T T T T T T T T <
325. 78 333.15 3078 349. 7§ 357.75 365.75 371,78 38175 389. 7§ 397.75 405.75 413.78
SUNN7(20) YL = 30. KY ! =16  03/04/94. CRPPEPFL ()] to-
s
=
o
| ¥
-3
28
~eo
~
=
- o
a 2
< T -

> T ¥ ¥ T T 1 T 1 T ¥ ¥ T ] 1 L) T T T T
387 T8 Jes 18 403 15 a1 18 418 18 2115 438 75 443 18 45t 18 459 15 467 1§ s 1
QUNET(21) YE = 30 KV ) = VB 03/04/84.  CRPP-EPFL [ v} o



W)z 0%

6€

g€

LE

9t

21 ‘Oid

- g

——

[(——

fr——r—0
’-—0——-‘

(u2/M)d

Y



