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MICROWAVE INTERACTION WITH AIR

I. INTRODUCTION

" Microwave breakdown studies of gaseous elements have been carried
out extensively over a wide range of pressures and for several microwave

frequencies using CW and pulsed radiation sources®,

The: main emphasis in
these studies was on the determination of the breakdown power threshold and
its dependence on the gas pressure and‘ the mictowave freguency. The
ébupling'of microwave energy into tne breakdown plasma and neutral gas has .
not been studied in detail. The reason f-r this is thét, until recently,
no high-power microwave sources have been " available to perform such
studies.” Most of the early work performed on breakdown thresholds was
performed using high Q cavities to obtain the rnecessary electric field to
break down the gas. 'Once breakdown of the gas occurred, the Q of the
cavity dropped and the interaction changed. Using the NRL high-power
gyrtron facility, we have been able to eliminate the need for cavities and
have performed experiments using a‘ focused geometry " to examine -the
coupling of microwave energy to nitrogen gas during breakdown. We have '
also modeled the experiments using a 1-D computer simulation code?,
Simulations were performed in a spherical geometry using a self-consistent,
nitrogen chemistry, wave optics, microwave breakdown simulation code, MINI.S-
The main emphasis of past wotk was on the ilonization front created
during nitrogen breakdown and its motion and plasma propertles;‘is observed
experlmentally.:LIhis motion is not a movement of the plasma, but rather a

movement of where the strongest.ionlzatlon of the gas is taking place. We

‘believe it to be due to two. effects: 1) delayed fonization, and 2)

reflection from the plasma itself. Since the electron .density s

otlo.

proportional to where I, 1is the local microwave intensity, -

breakdown occurs faster in those regions of high intensity. In a focused

,svsteﬂ ‘this results in breakdown beginning at the focus. The breakdown




then wmoves back into the lower intensity region as time progresses. If
nothing else is occurring, one would then onserve a cone of plasma late in
time. However, the nlasma is both absorptive and reflective. The reflec-
tion results ‘in standing wave patterns. Thus, pears A/2 apart are seen to
grow in time. The first peak is A/4 from the plasma surface. As the dens-
ity increases in these peaks, they become refle...ve and absorptive,
cuttina off the microwave energy to peék5<behind them, Agéin, the density
grows as eatlo and, therefore, those peaks nearsst the focus initially
grow fastest. If onlv one peak were reflecting, we would expect A/2 struc-
ture. However, all the peaks reflect and, therefore, we expect A/4, the
distance from the reflecting surface to the first electrlc field maxxmum,
to occur as well. Thus, in the experlment we wouid expect a bacquouna
piasma due to delaved ionization with A/2 and A/4 structures in it due to
reflection. Reflection and absorption will also prevent microwave penetr;-
tion, so we exnectlto see the'pIasma disappear behind the front of the
ionization. This results in the appearance of motion. This motion may
then occur as A/2 or Af4 jumps, since once these structures develop, the
intensity at these points is larger due to reflection than the background

intensity.

This ionization front motion strongly affects the coupling of
microwave enerqy to tie gas; it determines where tie energy will be ab-

sorbed, since its nigh density does not allow microwave penetration. Also,

. since it is movina, it spreads the heating out in the gas. Motion towards

the microwave source has been observed by Salisbury and Flint“, and by

Beust and Ford®. The velocities were much slower, however, .V = 3 x 103

cm/s: for Salishurv and Flint's work, and V = 400 cm/s for Beust and Ford's

work, Raizer®

advanced a theoretical treatment for the microwave discharge
propaaation in'hidh nressure éir (=1Atm) ts explain Beust and Ford's re-.
sults under W conditions, Other work by'Schérfman, et al7 observed that
for low nressures the bteakdown plaswa became opacue to' microwaves, thus
preventlng penetrdtxon. In the prev&ous study, we onservnd the Fformation
of tﬁe front, its motion, the prevention. of .microwave penettatlon, and
measured the wiasna density and electron tenperature'bf'the'froni. Good
anreenent was found between the =xperinent and the simulation model. -This

'work is briefly reviewed in %ection 1I.




II. EXPERIMENT
A. Purpose of the Experiment

MRC: has pérticipated in establishing an experimental air breakdown
facility at NRL. In thé past, a 35 CHz, 150 k¥ gyrotron was used. A 200
pps repetition rate and 2. us pulse length were possible. Microwave‘pulse
shape and power were very stable. Breakdown effects also seemed to be
stable, thus allowing data to be taken over many pulses. - The microwave
_ power available, however,. limited breakdown to a pressure of approximately
100 Torr. A newly developed 95 GHz, 1 MW, 13 us pulse length gyrotron was
to be made available 7. a microwave source for this facility and would
allow breakdown of air at atmospheric pressure. Thelair breakdown program

was to be completed by performing experiments at full atmospheric pres-

sure. This would allow one to determine if any physical processes become

1mprrtant due to increased collision frequency. Further, the atmospheric
pressure  region is the -one for which microwave weapons have been con-
sidered.

The experimeﬁtal plan called for experiments to be performed to
determine the microwave coupling to air at one atmosphere. In particular,
emphasis was to be placed on determining if the ionization front behavior
continues and, if so, how it varied with pressure. Further, a determina-
tlon to see if the ionization front motlon could be prevented was to be
made.. In order to observe the ionization fronts. high speed photography
was planned. The plasma den51ty and temperature were to be monitored.
This was to be done using existing diagnostics developed'by MRC. for the NRL
air breakdown facility and quified to improve their performance.

Since the planned research was an extension of ptevious work , the
prezious 9xperiments and results are reviewed below,

B. Previous Experiments

The microwave enerqgy coupling experiments were perf@rme& in dry
nitrogen -using'one of the tRL 35 CHz, high power gyrotons®, This gyrotrbn

ST

PO

I BPPY (LN S NI W,

et Ralael il St dhe Eatat e e a el

atetstoho Kizoirlitlt.

R SRR

-

[ I

L S A T L

e P

i



" is capable of 150 kW, 1usec pulses at 100 pps. The investigation, however,

was-"performed with a microwave power = 112 kW using S polarization. The
nitrogen pressure was variable. The data presented is at a pressure of 25
Torr which corresponds to v/w = 0.65, where v is the collision frequency

for electron momentum transfer, and w is the natural frequency of che

. microwave radiation. The microwave radiation is introduced into a test

chamber using a conical horn with a f’ocusing dielectric lens in front (see
Figure 1). The lens has a focal length of 11.2 cm and a diameter of

7.62 cm. The focal spot is eiliptical and has an approximate Gaussian dis-

tribution' in intensitv, with half widtha of 1.5 cm '3nd‘1.1 cm. The 3dB

focal sp'oc area 1is approx’wately 1.7 em?.  For 112 kW, this implies 33
kW/cm?' avexjage power inside the 3dB spot. Breakdown, without a reflecting
surface, was observed to cease at p =75 Torr fe> P = 112 kW. Theoretic-
ally, we calculate an average power of 27 kW/cm? is required for breakdown
at 75 Torr in nitrogen. This is in reasonable agreement witn an estimated
intensity of 33 KW/em?.  We have, however, igqored the gaussian spread and

assumed an even distribution.

The breakdown experiments were performed with and without a metal

surface at the focal point. The planar meta: surface could be oriented

perpendicular, 90°, or vith an angle of 45° to the incident radiation. The
metal surface serves to set up a standing wave pattern in front of the

surface, resulting in & I, at the peaks, wnere Io is ‘the intensity of

the incident radiation. Alss, a thin dieiectric could be placed off the
metallic surface. This was used in determining the cause of. the plasma
motion observed, and will be ‘discussed later.

Observation of the plasma was done using a TRW framing/streaking

~camera. A 20 ns exposure time was used in the framing mode, and a 2 us

exposure time in the streaking mode. Due to the amount’ of light pteseﬁt
multiple exposures  were required to obtain easily wvisible photographs.

"However, some single' shot experiments were performed and showed that the

results were reproducible shot-to-shot, ° The electron temperature and
density were measured' by using a nitrogen-helium gas mixture. 1In a pure
nitrogen mixture, onty second positive nitrogen bands were observable. By

introducing heilum, the $876A 1line could be used with the nitrogen 33714

PPy
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Figure 1. Schematic of nitrogun breakdown experiment.




band to make the required density and temperature measuremer*s., Ar Qriel
model 7240 monochrometer, £/3.7, with a 10% bandwidth was used. The mono-
chrometer outhﬁt was measured using a 1P2% photomultiplier with a base mod-
ified for nano-second respcnse time.' Absclute intensity calibrations .were
performed using a éalibrated deuterium arc lanp source® for 33714 and a

calilrated strip tungsten lamp source !0 for 5876A.

Our experimentcs were performed at 25 Torr where we had approxi-
mately nine times the intensity required to breex down the nitrogen at the

focal spot. With the presence of a metal surface, a factor of four reduc-

.tion in the power required for treakdown occurs due to the standing wave

pattern which is set up. Due to the focused nature of the experiment, the

;standing wave pattern's intensity drops as the distance from the surface is

increased. 'For the 45° target, in fact, there is only a small region of
standing waves perpendicular to the surface. It is only for the 90° sur-
face, or the ~zase of a reflective plasma pérpendicualr'to the microwav~
beam, that a standing wave pattern back the length of the beam line
exists. A delayed breakdown from the surface back towards the lens. is then
expected, since the growth of the plasma is proportional to etI . We

believe that fluctuations in the reflective plasma surface and UV joniza-

~tion (if any) will cause a smearing out of the standing wave pattern.

P

1. Time Resolved Photographs of Breakdown

The oﬁserved breqkddwn patterns for the' three cases are shown in
Figures 2 througn 4. In Figurelz; the breakdown without 2 surface is
shown. A'conical plasma Is formed with its tail nearest the focal point
and]head towagds the lens. This indicates that a large ffaction of the

,micfowave.energy.is concentrated on axis. For a diffraction limited spot

size, we calculate the depth of. field (where I = l1,/e) for our case to be
3.5 cm, ‘which is approximately the length of the tail in the early break-
down region observed in Figurg 2. The total length of the breakdownvfegion
is 5 on. W calculate a length of 3.7 .m based on incident intensiﬁy

'decrﬂaslng to the nitrogen breakdown threshold as we muve away from focus.

This suggests reflertion off the plasma must be occurring. We .calcualte
that * 19% reflection would be required;vthe simulecion suggests R > 28%,

N




Figure 2. framing photographs of breakdown at 25 Torr Ny
for no surface presenc, lg = 112 kW or 33 kW/em© at focus.
The microwaves are incilent from the left. Fframes are 100 ns

apart and have a 20 ns exposure. time,

Tire shown on right

refers to the delay after the first observable breakdown and

not the microwave pulse.




figu~e 3a. Framing photographs ai 25 Torr N, for 90°
metal surface present at focus, I, = 112 k¥, Times on
right refer to the del- after first opservabl. breakdown.
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Figure 4. Framing photographs at 25 Tarr Y, for 45°

metal ‘surface, I, = 112 kW,

refer to the delay after.first observable hreakdown,

0.35

0.25

0.1

Times shown on riqht




The breakdown begins at trc focal spot, but since the microwave power is
above the breakdown threshold, a secondarv breakdown region ahead of the
focus forms in a time = 2.4 x 10-7s after the initial breakdown. As the
electron density in this secondary breakdown region increases to Ny = (2
- Vz)me/(anez), the tai) (focus) region disappears due to the microwaves

being absorbod and reflected bv the plasma at the head. Gace the microwave

- eneryv is stopped from reaching the plasma in the tail, the plasma temper-

ature there drops'rapidly (t = 10 ns), and the emitted light ceases. The
plasma itself also begins to decav, but on a longer time scale. Late in

time, we see that a single absorbing laver about one wavelength tnick is

formed.

Figure 3a shows the framing camera data for the perpendicular
surface experiment, and Fiqure 3b shows a streakkphotograph for the same
casé.’ Ye expect a standing wave to be set up off the surface with the
first maximum i/% from the surface; and with the rest of the maxima spaced
A/2 apart. ’This can be seen in Figure 3a. Also observed is a "blooming"
of the visible plasma near the target. We believe this is an effect due to
the focusing. The microwave beam becomes more intense near focus. K There-
fore, the diameter of the becw capable of breaging down tne plasma in-
creases, ‘SimiLar to the no-ta;get case, an absorbing front travels away
from tne target towarus the microwave source, Ffrom the displacement in the
streak éhotodréph, we calculate that the plasma moves awav from the sur?acg
with 3 velocity = 4.6 x 15% em/s. It coﬁtinues to move back along| the
microwave beam until the beam enerqy decreases sufficiently (due to| de-
focusing) so that the heatinq with any reflected microwaves is below| the
breakdewn threshoid. This "stagnation poirt" is also ohserved for the 45;

surface. Similar behavior -is also observed in the computer simulation.

?he,usf data is. snown In'Fiqure &. It is similar to the 90° gata,
except friﬁnés occur A/{2 cos &) apart, & = 5%, with the first fringe at
all4 cos =) from the surface. Adgain,  an absorbing front moving along| the
heam axis is observen.t This occurs as 4 result of energ. reflected byl the
plasma 4long the beam. Since we are far ahove threshold, —o beliele A
planar plasma, perpendicular to the heam, grows near the tdrget'and is

initlated by the plasma qrowth at—the’stanﬂinq wave maxima. Its density




grows (Ng——ae=t.), and it becomes reflective, setting up standing waves.
Plasma density builcs at these maxima, cutting off microwave penetration,
and the process repeats. Visually, this appears as plasma motion. we
would expact the motion to jump in either A/2 or A/4% steps. Some of the
45° daia shows i/2 bars behind the main moving plasma. In general, how-
ever, *his is not observed. The /2 spacing is at about the limit of reso-
lution. Further, we bclieve that fluctuations in the reflective plasra
surface cause a smearing out of the'standinq wave pattern and results in
the more solid-like appéarance we observe for the moving plasna. .
One other possible explahation for the. front motion is that U’
emission causes ionization to occur in front of the plasma. This new
plasma absorbs microwaves, heats up, and then the process.repeats. This -
would result in a uniform smear with no A/2 structure. Oﬁr data is some-
what suggestive of this. To check this idea, we placec a thin dielectric a
few wavelengths of“ the metallic surface to stop UV pénetration, but allow
microwave transmission. If UV ionization were the method of propagation,
we expected the plasma to stop moving when it hit the dielectric. The
piasma moved through the dielectric barrier. ‘e, therefore, believe the
motion to be due to reflection from the plasma itself, resulting in loniza-
tion fronts. However, lonization due to UV mav be responsible for some of
the smearing of the /2 and A/4 structure. The UV jonization mean free

path is = 0.05 om &« A/2 for our conditions.

For the AS':tarqét case,  tie breakdpwn was examined as the power
was decreased. As the ﬁower nas'pecredsed,.the ldhizatiqn-front was ob-
served io stagnate closer and closer to. the target, as expected. When the
fncoming poﬁcr nés 20 kh; « 5.9 kW/cm?, we ohserved only two fringes and no
apparent ionization front. Af 30 kw, yEe front reanpeared. Incident radi-
a:ionl on a metal surface for preakdown to occur -at 25 Torr is = 0.75
.k%/cmz. ﬂowever, the pressure was only twice the free nitrogén breakdown
threshold of 3 k%/cmz. and this will be the dominant threshold for loniza-

tion front travel due to delaved ionization.




2. Spectroscopic Measurement of Densitv and Temperature

® : “n order to measure the temperature and density of the electrons,
the absolute intensity of the nitrogen second positive band, 33714, was
compared to the absolute intensity of the neutral helium line at 5376LK. A

mixture of the helium and nitrogen was used to perform this experiment.

® The 3371A tana corresponds to the (0,0) transition in the second positive
band system of N,. We obtained the electron temperature from the ratio of
the two lines'' and the electron densify from the absolute intensity

measurement and the deduced electron temperature.

® .
For an oaptically thin line, and' assumiﬁg a steady state . coronal
model, the band intensity at 3371A can be expressed as:
. :eNZ Xoc AooEdoL
UUE = . T . ' (1)
. T - q .TZ
where Na is the density of the nitrogen molecules in the ground state,
e Xoc- is the emission excitation rate coefficient, A, o is the tran51tion
rate for the band at 3371A and A, is the total transiticn rate for the
_exciLed state, E4 o is the pnoton energy, L is the length of the emitting
_ wlasma, and q is the quenchma rate coefficient of the excited state by the
s neutral specxes. A similar equation can be written for *:.2 mtensxtv of
the helium line. The excitation rate coefficients for 33717 and 5%76;« were
' ‘obtained using -the . measured cross sections!Z,'3 averaged over a
~———HMaxwellian electron velocity distribution. The transition rates for 33714
. and for 55764 are from Refs, (14) and (15), respectively. The quenching
rate coefficient'® for 33714 by N, is 1.15 x 10-*! cm®/sec. v
: The measured absolute intensities of 33714 and 5576A in a mixture
- of 15 Torr H; and 19 Torr He were 25.36 W/em®sr and 5.6 x 10°% W/em’sr,
‘)sing the above analvsis, we obtain Te = 3.8 eV and He = 4.4 x 1042
cm=3 for the average densitv over a 2 cm chord. If quenching of the helium
.
13
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line by nitrogen is included, the electron temperature changes slightly,
Te = 4.1 eV, with a corresponding slight decrease in the calcﬁlated elec-
~tron density. This electron density 1is in reasonable agreement with
Langmuir probe data, Ne ~ 2 x 1043 cm‘3, and simulation predictions, Ng
= 3.6 x 10°3 cm‘a, since the;e,last two are peak local densities. It is
reasonable to expect that tﬁe peak density is at least four times larger
than the average density, ﬁince the density is brdpqrtional to eIOt,
and the microwave intensity is Gaussian across the chord. (The'two centi-
‘meter chord is slightly larger than the FWHM of the intensity Gaussian.) A
éomparison of the absolute intensity of the 3371A nitrogen band for.pure
N,, as observed experiméntally (Iexp = 1.12 x 1020 ey/(cmz-s-sr)), agreed
reasonably well with the simulation predictions for similar conditions
(Izijm = 3.6 x 1029 ev/(s-cm®-sr)). As expected, the simulatibq also pre-

dicted a lower electron temperature, T, ~ 3.25 eV, fo:_fhe pure H, case.

In conclusion, we have observed that for ‘I > lg, ionization
fronts form and move towards the source.at a velocity - 4.6 x'10§ cm/s.
These ionization fronts result from both delayed ionization and reflection
of microwave -energv from the front. The'front density can become quite
large and is seen to cut off microwave penetration in ébqut one wavelength
in léte time. The average chord plasma density was spectroscopically mea-
suredlto be He = 4.4 x: 1042 cm’3,.and the electron temperature to bé Te

‘z 3.5 eV for a nitrogep-helium mixture, Léngmuir probe measurements of the
dencsity gave reasonable agreement with peak densities for puré nitiogen of

. The cut-off of microwave penetrafion observed photo-

He = 2 x 10'% cm-
qrébhically sudgests an electron density Ne = Mg =_2.2 x 103 em=3. we
expect the electron températuré in the gas mixture to be higher';ince Ha
vibratioﬁal and 10w;lying electronic states act to decreaée Té, and mono-
acomic H. has no such states. Reasonable agreement. was seen with ~the

' simulation for the velocity of the ionization front, Ng, T, and I3;5,.

The simulation predicts small reflection, R < 28%, and low gas temperatuce,

Tg € 0.027 eV.

14




C. Present Experiment’

Several modifications to the previous experimental set-up were
planned to improve results. In particular, the photomultiplier tube used
in the previous study was limited in its response to the 5576A He line. A

new tube was proposed to NRL for use to enhance the diagnostic sensitiv-

" ity. The same streaking. and framing set-up was planned for use and was

recalibrated.

Unfortunately, a large difficulty arose after the plasma diagnos-

" tics were configured. The ICW gyrotron tube was not available for use due

to difficulties.in getting the tube operational, and MRC began to assist in
attempting to get the tube operational by participating in the gun design.
These efforts are described in the next section.  To date, the 1GW gyrotron
has not been»functional. All efforts to get the device functional at 1GW

have failed. ,

III. SIMILATION OF THE GUN
A. Introduction

This section describes the results of computer cqldulétions of
electron trajectories performed in support of the gvrotron design effort at
NRL.' The goal of these calculatibns was to determine acceptable combina-
tions of magnetic field ‘profile,,‘intermediate"anodel voltage, and anode
voltage to place the electrons at the proper guiding center radius and with
the proper transverse/axial .velocity ratio (alpha) to maximize the gvrotron
interaction with the TE ; waveguide mode. The code used in :hése calcula-
tions is SCRIBE‘7, a version of the SLAC electron optics code originélly'
written by W Herrmansfeldt. The modifications in this‘version are due to
R;:H. Jacksoh of MRC.




8. Simulation Parameters

The simulations were rerformed within the following parameter

context:

maximum anode voltage: _ 70kV
maximdmvintefélectrode voltage: 35kV
beam current: . - ' : 10A
Adesired,alpha: 1.5
drift tube radius: ‘ - 0.48cm

minimum magnetic field at cathode: 2.3kG

maximum coil current: -50A

The major parameter to be detérmined is the average electfon
guiding center radius. Since the gyrotron is designed to interact with the
TE 3 waveguide modes, the electrons must be placed at the proper radius for
maximum interaction with this mode. It ‘has been shown'® that the inter-
action strength is proportional to the quantity (33 1(x)+Jh,1(x)),
where Jy is  the Bessel function of the first kind of order m and
x = kq3r/r0; 'kq3 = third root of the derivative of the first-order
Bessel function, and r0 is the drift tube radius. A'graph.of_36+3§ for
I<r<.5em s shoﬁn,in,Figure 5. This graph shows that the maximum inter-
action strength bétweeniﬁhe TE,3 mode and a hollow electron beam is at a
_ radius of approxiﬁately 0.19cm. This is the desired average guiding center
' radius. Adiabatic considerations imply that a magﬂetiq field compression
ratio of ' approximately 12:1° (final=33.6kGicathode=2.8kG) . will place the

electrons near the desired’ radius. =
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C. Simulastion Input Data

Boundary data for SCRIBE input were generated from a digitizatioﬁ

of the electrode configuration as specified in the electron gun blueprint
supplied to MRC by MRL. For the purposes of this simulation, the straight
section of thc anode was extended to permit traJectory calculations in the

uniform magnetic f;eld region. No other boundary or electrode shape

- changes were made. Please refer to the typical trajectory plots shown

below for-details of the simulation boundary.

The mesh sizes ;elected for this simulation were 1/2 and
1/4 mm/cell. Computation speed was, of course, faster with the co#rser
mesh, with results very ciose to those obtained with the fine mesh. The
majority of the graphical results presented here were obtained Qsing the
1/4mm mesh. A listing of the boundary inputjdata for the 1/4mm mesh in the

standard SLAC code format is given in Table 1.

Magnetic field data for this simulation were generatéd' using a
separate magnetic field code (EFFI'®) that directly calculates the vector
potential at any point in space due to an assembly of finite> dimension
coils. This approgch is superior to the conventional method of first cal-
culating the on-axis field due to an assembly of coils, and then using an
exgansion to calculate'tte»field off-axis. The manufacturers' coil dimen-
sion and windihg data were used in these calculations. ‘A -diagram of the
individual coil positions in tHe same coordinate system used in the simula-

tion is shown in Figure 6, with the trim coil‘identified The approximate

location of the cathode |emitting surface is also indicated.; A graph of a
typical calculated axial| magnetic field ‘profile on-axis for the maxn coil

assembly is shown in Figure 7, in this case driven at 45.41A, Also shown
is the field profile (multiplied by -10) of the trim coil driven at 24.22A.
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1 &, AR, 2,0N00000,«0 A328171 1, 29, 4R,=0,4h3AA12, 2, 00000008 4, an, 67, U_.SThaNAN, 2_00000NNO
e A T, R, =0 342933)1,40,0°50699 _1, 29, 47,=0,.2814241, _2,0000000_ &, &8, 68, (£_S5760000, 2.0000000
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1, 18, AL,~0,402K393,.0 2822495 1, 30, 40,=0,0537hA3,an_ 3050652 8, 67,132, 2,0000000,«Nn_hKENONN
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— 1, AR, B3, a0, 0564704, 20, 7200 68 1, 31, 35,=0,7013901, 2.0000000_ 0, 69,133,_6.000000C. 2.000000C
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1, 25, K@,=0,27559k6, 2. 0000000 O, 53, 0, P.N00NONODO, 0.0000000 2, ¥R,171, 0,799@982, 2 06000000
1, 25, _HhR,«0,02L40970,=0 1056974 4, SMJ_nJ.ﬁ.Szznnon;_ﬁ.ooooooo____ib_}b,ilzi_n.jﬂI:SFQJ_Z-nuoo*om_
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1, 26, 6h,-0,6359201, 2 0000000 &, 54, 15, 0,532000Q0, 2,0000000 2, 36,174, o 0255623, 0, 0000235
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1, °7, hl,-o TSuT %6, 2. 0000000 4, S4, Xk, 0,00ad42R9, 0 0250589 2, 34,1709, a_TX~R44, 2_NH0NOONGO
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v, 27, 57,-0,0807052,.0 2825a%0 4, 5%, an, 0, 20723%%, 2.0000000 2, 33,18%, 0,70225%4, 2,.0000000
1, 28, Sh,«N AT3ISSA0, 2 _6000n0n A,JL_AX._D-JZOMJS& 0. 68131981 2,_X3,184, 0,4843071,_2_nononnn_
' 4, 52, &2, 6_943RITB, 2,.0000000 2, 33,1RS, 0,1A%59627, 0,7203674
e, 52, 4%, 0, ThAR3AL, > _n0ooron 2, 3?,,!!%, 0.92TRyaS, ?.oooooon
. _8e_S2.-44,_0.5900383,_2_ 0050000 A, 32,187, 0,nk0RT0Y, 2 0000000
4, 52, 45, 0,a1323R5, 2,00000800 2, 32,1A8, 0,4115257, 2.n000000
a4, 52, 4%, 0,23643A8, 2_500000¢ 2, 32,1868, 0, 153%77S, N, 5941620
Ry 524 lT 4 0.0596428,. 0,3373813__ __2, 31,190, 0.89533X2, 2 _0000Nn0 _
6, 51, 4r, 0, AR2R4%0, 2, 0000800 2, ¥1,101, ¢.6370uRR, 2_60ANNAG
' 4, 51, @89, 0,7nenu32, 2,0000000 2, 1,192, 0,4764%94, 2 _n0ANNON
K ~ 8, 54y, _5A,0.5292435,.2_, 0000000 2, 31, 2%, _0,3587S5%2,_2_nonennn__
4, S1, 51, 0,3%528475, ?.6000000 2, 31,1%, 0,29%0hak6, ?,.0000000
4, Sty S?, 0,.1754A477, 0_99%aA4S 2e 31,195, G, 2225TAG, 2,.00000n0
Uy SN_SR,_N,99AALRG,. 2 _N0ONAGH _ P, 31,19k, 0 154894, 2, 0000000
4, S0, Sa, 0_&INUAY, 2,.000000N 2, 31,197, a_0RnE04K, D _AADNOAN
8, 8N, €4, §,A4524Ry4, P _ABAOARA 3, XP,188, 0 1AINI, N _Dadnain
! by Shy byl LARASISH 2 0RODAGN 2, 0,190, 0 0883%14, D n0nraan_
a, §n, ST, A 2914837, >_nnanaan >, llt BUb, G 8821489, I _a0nnnos
A, Sy SR, 0 _114AS29, 0 _Agea2TY . 2, 3B, 2A1, 0 _R140Ske, 2 _ADARANN
H,oMa, K8, h_OT4ASTYI, 3_ARAALA 2, 30,209, 6_T859404, 2 anAnann
Table 1. Scribe Boundary Input Data For Cyrotron Gun
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-2.-2&.ZﬂL‘_D_0°05800,_l.0000q09__ P 23,308, 0.8011036,_2,0000000_
2, 2m,242, 0, 022403y, N _IINIAAN 2?2, 2%,%5%, 0,7TT3I0170, P,0000000
2, 27.2%%, 0,98aa0k7, 2, 0000000 2, 23,304, 0_6A49303, 2 0000000

Ny

w Be27,248, 0.8863201,_2.0000000__ 2, 23,07, N _S96Aa%7, 2 0000000
2, 27,245, 0, RIR2ITS5, 2,00n0n000 2, 23,%0R, 0,5P87ST1, 2.00N0000
2, 27,744, 0,75014a80, 2,0000000 2, 23,309, 0,ah06705, 2,.0000000
e 2e-21.287,_0,H820583,_ 2.0000000__ X C] ) 0000000
2, 27,240, 0 6139717, 2.0000000 2, 23,%11, 0,32489S3, 2,0000000
2, 21,249, 0_Sa0SaAS], 2_0000N000 2, 23,312, 0,25640%7, 2,n000000 ,
— 2,221,250, 0 4777985, _2.0000000 . _ 2, 23,31%, 0, 3Ra%3>1, 2. r000000
2. 27,7251, 0.,4097118, 2.0000000 2, e%,%14; 0.1202354, 2.,0h000000 .
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D. Results

As mentioned earlier, the simulations reportéd here were conducted
with the goal of determining consistent sets of gun parameters for the
successful operation of the high-power gyrotron now under design at NRL for
air hreakdown experiments. This was not to be a gun design exercise, and
no changes in the electrode shapes were méde. In addition, extensive
simulations to determine parameter: sensitivity around any one particular

operating point were not attempted.

Yithin the context of the parameter constraints listed in Section
II1.B. above, the simulation results are summarized in Table 2. The

notation for the table headings is as follows:

SCRRUN SCRIBE run identification no.

v ' ' anode voltage (kV)
VMOD ' “intermediate anode voltagé (kvV)
BZA-K ' on-axis axial magnetic field at
cathode axial locaton (kG)
BZA-F ' on-axis axial magnetic field in
uniform field region (kG)
ALPHA ' transverse/axial velocity ratio
R G-C average quiding center radius (cm)
o BETA SP, ' spread in relativistic factor beta (%)
The table entries are lisved in the following order: 1-deéreasing

accelerating voltage (énode voltage); for each accelerating rvoltage,
2-$ecréasinq magnetic field at cathode; 3-decreasing mod aor intermediate
angde voltaqge. Ba;ed on the criteriallisted‘abové. several parameter sets
haye been selected as possible gun operating points. . These are indicafed
in|{ Table 2 by asterisks (*). Those~simulations using the 1/§mm mesh are
indicated by HOTE 5. ' '

The aun perveance is fixed in these simulations to model
temperature-lfmited emission at 1NA, however, two runs (11,12) were made

at| reduced pervéance to simulate emission at 5.95 and'7.94A, respectively.




SCRUN. v VHOD  BZA-K  BZA-F ALPHA R G-C BETA SP.  NOTE

9 71 35 3.73 33.66 473 .26 1.6
10 71 - 3% 2.9 33.59 .762 .205 7.6
94 70 3% 2.51 33,34 .939 204 4.4 1
us 70 35 . 2.76 33,57  .575 .197 4.5
93 70 37.1 2.7% 33.57 . .532 192 5
*81 70 37 2.5 33.55  1.39 L1885, 3.31 2
* 50 70 35 2.5 33.55  1.13 .191 3.21 2
* 6 70 33.05 2.37 . 33.5% 1.24 A71 3.9
. 2 70 . 33 2.37 33.54  1.24 .17 4.2
* 75 70 39 2.3 33.53 2.31 .167 2.55. 2
« 79 70 32,9 2.3 33,53 1.51 179 5.81 2
* 43 67 35 2.5 " 33,55 1.21 .19 4.09 S
* 8y 67 35 2.45 33.54 1.39 .193 4,45 5
* 85 67 35 2.4 33.54  1.65 .189 5.29 5
11 65 35 2.9 33.59 .77 A7 9.6 3
52 €5 34 2.5 33.55 1.1 .191 3.25
14 60 35 3.17  33.61 .79 214 5.1
13 &0 35 2.9 33.59  .549 2 12.4
12 é 35 2.9 33,59  .85% .2 11.5 4
* 50 &0 35 2.37 0 33,54 2.16 .185 4,45 5
+ 83 60 u 2.37 33.54 1.31 166 4.23 5
* 61 . 60 32 2.37 33,56 1.54 .188 6.3 5
* g2 60 32 2.37 33,54 - 1.39 .189 é 5
* 24 & 3005 2.37 32,54 1,13 174 4,2
20 &0 30 2.2 33,54 1.06 15 4.3
4A 3 30 2.37 33,54 1.0% .186 5.8 5
» 77 60 . 30.5 2.3 33,53 1.39 179 4,72 2
.75 . &0 30 2.3 33.53 1.27 .15 5.1 2
2.3 6.%3 5

* 76 60 30 33.53 1.3 . 157

* . POSSIBLE OPERATING POINT
 dote5 '
1 - Slight Oriqgin ahlft for Maonetic F!eld
2 - Step Size Halved
3. %.,S\
L - LA :
S - Inice Orialnal Hesolution (I/amﬁ)

Table 2. Simulation_ﬂesults
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The qun performance does not appear to be extremely'sensitive to the rela-
tive positions of the qun and coil systems, a&s evidenced by a comparison of
runs 95 and 96. The coil svstem was shifted.éxially by approximately 0.9cm
between runs 95 and 96. With the exception of rdﬁ g6, the magnetic fie.d
at the z coordinate of the emission surface scales as Bz(kG) = -0.8558 I(A)
+ 4.80%81, where I is the trim coil current and with the main coil current
fixed at 45.41A. |

Representative trajectory and trajectory with equipotential plots
from these simulations, ‘including both the 1/2 and 1/4mm meshes, are shown
in Figures 5 - 15. These plots are presented in the same order as listed
~in Table 2. Since azimuthal symmetry. is assumed forAtheselsimulations,
only the fir§t quadrant of the electron qun is shown.. The positions of the
cathode, intermediate anode, and anode are indicated in Fiéure 8. HNote
that the "R": axis scale is approximately 5.6 times'that for the "I" axis
scale for enhanced visual ciarity. The scales for both axes are in mesh
units. Six trajectories are followed with the 1/2mm mesh, and ten are fol-
lowed with the 1/4mm mesh. The electron emission takes place approximately
1.5 cells from the actual emission surface. The approximate center of the

actual emission surface is located at (0.5cm, 1.7zm).

Although simulations of the full parameter matrix were not madg,
enough data exists to. QGhonstrate several trends. The most important
parametérs for successful gyrotron' operation are alpha and the average
guidinq center radius. The variation of ‘alpha with the 1nterhed;ate anode

voltaae for constant anode voltaae and magnetic field is shown in Figure

16. In this case, V=60kV, the magnetic field at the cathode is 2.37 kG,
and the final magnetic field s 33.54 kG. Although typical poﬁer supply .

construction does not allow a contindoﬁs variation of the intermediate

‘anode voltage, one can see that this would be a convenlent 'knob' to turn

to adiust alpha. Under the same conditions as in effect for Figure {6,

relati@e]y small variations in -intermediate anode voltage do not have a

significant effect on the average qulding center radius. This is shown in:

Fiqure 17 .
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V=B60kV, BZA—K=2_.37kG, BZA-F=33. 54kG
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Figure 16. ALPHA 3caling with Intermediate Anode Voltzge
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Figure 17. Guiding Center Radius-Scaling with Intermediate Anode Voltage
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A convenient experimental parameter, however, is the maqnétic
field at the c.:node. Figure 18 shows the scaling of alpha with cathode
magnetic fizld for two different anode/intermediate anode voltage settings,
67KV /35kV ard 60kV/35kV. The spread in beta (parallel velocity/speed of

light, ¢ . tne former case is shown in Figure 19.

In sumﬁary, a number of simulations of gyrotron electron gun
petformarce under a given set of conditions have been made. The results of
these simulations have shown that several possible operating points do
exist, and that the operating conditions vary approximately linearly for

relatively small changes in the typical operating parameters.

3




ALPHA 65TkV/35kV

2.5 ' o)

650kV /25kV

20+

1.5 -

.0~

22 2.4 2.6 2.8 3.0 3.2

B2 AT CATHGDE Z (kG)
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