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ABSTRACT 

One of the limiting factors in the transmission of the increasingly 

large amounts of microwave power available is voltage breakdown of the 

atmosphere.  Almost all of the published work dealing with voltage break- 

down at microwave frequencies has been concerned with breakdown in the 

presence of surfaces to which particles can diffuse.  This report de- 

scribes recent laboratory experiments which have been performed using 

focused microwaves to effect a discharge in the absence of proximate 

surfaces.  The experiments have been concerned with:  (]) the determi- 

nation of the power level at which the breakdown occurs; (2) the ability 

of the atmosphere to act as a medium for the transmission of power after 

breakdown has occurred; and (3) the properties of the plasma formed 

when breakdown occurs. 

The report presents data on minimum power required for breakdown 

under these conditions, demonstrating agreement with theoretical analysis 

based on models of varying complexity.  An experiment is then described 

which shows that power per unit of input power, received beyond the dis- 

charge plasma by a test antenna, decreases as power is increased after 

breakdown.  Measurements with positive ion probes are described, showing 

that this type of discharge induces lower maximum ionization densities 

than those in a section of waveguide where the Hr is constrained to 

propagate directly through the plasma.  Finally, a microwave technique 

is described for determining the ionization rate of various gases; the 

results given for such measurements are shown to compare favorably with 

other techniques for this determination. 
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T  INTRODUCTION 

As advances in microwave tube technology make increasing amounts of 

microwave power available, the concept ol' transmitting this power through 

the earth's atmosphere has received an increasing amount of attention. 

One of the limiting factors in the transmission of huge amounts of power 

will be voltage breakdown of the atmosphere.  Almost all of the published 

work dealing with voltage breakdown at microwave frequencies has been 

concerned with breakdown in the presence of surfaces to which particles 

can diffuse—in cavity experiments the cavity walls and in antenna ex- 

periments the metal conductors of the antenna.  In this report we shall 

consider the case of breakdown in the absence of surfaces — i.e.,    in free 

space.  For certain circumstances this type of breakdown will be easier 

to analyze than breakdown in a cavity since the effect of diffusion may 

be neglected. 

We shall be concerned with three aspects of the problem:  the 

determination of the power level at which breakdown occurs; the ability 

of the atmosphere to act as a medium for the transmission of power after 

breakdown has occurred; and the properties of the plasma formed when 

breakdown occurs.  In Sections II and III, the theory for microwave 

breakdown at high altitudes is presented and measured results in the 

laboratory are compared with the theoretical values.  Sections IV and 

V deal with measurements of the power transmitted after breakdown has 

occurred for two laboratory cases:  in a rectangular waveguide, and at 

the focal point of a parabolic antenna.  The determination of the plasma 

properties (electror density and temperature) when breakdown has occurred 

is also described. 

Section VI describes a technique for measuring the ionization rate 

of various gases which evolved out. of the measurements of the breakdown 

level.  A comparison is made between values measured by this technique 

and by other techniques which shows that good results can be obtained by 

the new technique.  The work is summarized and conclusions are drawn in 

Sect ion VII. 



II THEORY OF MICROWAVE VOLTAGE BREAKDOWN 

AT HIGH ALTITUDES 

A GENERAL 

In this section we shall review the breakdown theory that has been 

developed to explain the breakdown leveJs in microwave transmission line 

components and antennas and extend it to the case of interest:  breakdown 

in the absence of surfaces.  We shall consider both CW and pulse breakdown. 

First we consider the case of uniform electric fields and planar 

geometry.  This case is relatively easy to analyze and a good under- 

standing of the role of the different physical processes may be obtained 

from such an analysis.  Later in the chapter we shall consider non-uniform 

field and cylindrical geometry. 

H.  CW BREAKDOWN DF PARALLEL - PLATE SYSTEMS 

The source of primary ionization in microwave discharges is electron 

motion, and breakdown occurs when the gain in electron density becomes 

equal to the loss of electrons by diffusion and attachment.  This 

relationship is expressed by: 

3n 

dt 
n   - v n   + V2(Dn) (I ) 

'he re 

n is the electron density 

V . is the ionization rate 
i 

V is the attachment, rate 
a 

/■> is the diffusion   coefficient 

For   r.W   breakdown,    the   rate   of   change   of   electron  density  with   time, 

Bn/3t,    must   be   slightly   greater   than   zero.      1'nder   these   conditions   the 

electron   density   will    increase   with   time   until    the   electric    field    in   the 

plasma   is   rc^ucp^    far   enough   that   an/at   becomes   zero,    or   the   recombination 



losses become si im j f icant .  In Kq . (1 ) v  n   is the number of i on i zat i ons 

produced per second, and '-■'  n    is the number of electrons lost by attach- 

ment, per second.  The loss of electrons per second due to diffusion to 

the plates is given by -  (/n ) .  This equation may be written in integral 

form as 

In \V V .) 

V2(/M) 
dt (2) 

where n  is the ambient, electron density before the electric field is 

applied. 

Brown   has solved for the electron density distribution for this 

case and shown that it is of the form sin (rrx/d),   where x   is distance 

measured from one plate.  For a uniform field distribution, D is a con- 

stant, and y*(Dn)   may be written as DV  n.      Since n   is of the form 

sin ( TTX /d ) , 

V2(Dn)     =     (—)    Dn        . (3) 
\dj 

Substituting this expression into F.q. (2) and integrating, we obtain 

In 

<v      >  + D[- 
n°l \d, 

(4) 

where <v        > is the average net. value of v. ~   V      over the time T , nee t      a 

Normalizing with respect to pressure, Fq. (4) becomes 

<Vhet>   Dpi 
  + —— 

(pd)' 
(5) 

For CW breakdown T can be made indefinitely large, so that, the 

breakdown is defined by setting the left side of Fq . (5) equal to zero: 

<v       >   Dpv' 

References are listed nt the end of the report. 
(pd)' 

(6) 



Gould and Roberts  show that <v       > / p   is a function onlv of E  /p 
net  J « 

and pK,   while MacDonald3 has shown that Dp   is a function £ /p.  There- 

fore, the value of E   /p   required for breakdown is a function of pd   and 

pk.      Equation (16) has been solved and the results of Gould and Roberts' 

are plotted in Fig. 1 for t lie CW case.  These curves have been verified 

hy a number of measurements, including those of llerlin and Brown  at 

3000 Mc and those of Pirn5 at 200 Mc. 
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FIG. 1 SOLUTION FOP PARALLEL PLATE CW BREAKDOWN 

The fact that the curve flattens out for pd   greater than about 

25 mm Hg-cm indicates that for these values of pd  electron loss by 

diffusion to the walls is negligible and the predominant los.  is by 

attachment.  That is, the walls no longer play a part in removing 

electrons, so that any value of   pd   requires the same value of E   /p   for 

breakdown.  The equation for breakdown under this condition is then 

<v       •> 
ret 

and the value of E   /p    for breakdown is approximately 30. 



For values o'' pd less L t I;I n 25 nun !i;;-<:ni, electrons are lost to the 

plates by diffusion, and higher values of E /p are required to make up 

for the increased loss. 

Since the value of E   /p   for a given pd   varies only slightly over the 

range of 0 £ pk  £, 5000, where k   is the wavelength in cm, a normalized 

curve of E   /p   as a function of pd   has been plotted in which the parameter 

pk   has been eliminated by plotting only the values of E   /p   for pk   = 0. 

This curve, shown in Fig. 2, with the aid of the correction shown in 

Fig. 3, contains all the information necessary to determine the value of 

E   /p   for any pk  and pd.      The relation between the value of E   Jp   at a given 

pk  and for pk   = 0 is 

fE<\ 
+ A 

'pA = o 

'here A is given in Fig. 3 and (E   /p)   >   shall be called (^e/p)„- 

70 
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FIG. 2    NORMALIZFD SOLUTION FOR PARALLEL PLATE CW BREAKDOWN 
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FIG. 3 NORMALIZATION FACTOR, A, AS A FUNCTION OF pA. 

Also shown in Fig. 2 are the results of a series of measurements by 

Herlin and Brown  at a wavelength of 9.6 cm.  Their data, which were 

presented as curves of E   as a function of p   for three different values of 

d, has been converted into the notation of E   /p, ph.,  and pd.      These data 

extend the data of Gould and Boberts two orders of magnitude. 

C.  PULSED BREAKDOWN OF PARALLEL-PLATE SYSTEMS 

1.  SINGLE PULSE 

For breakdown to occur within a single pulse width, 7", it is necessary 

for the electron density to build up to some breakdown value, n,,    in a 

finite time.  Referring to Eq. (5), the left-hand side of the equation is 

no longer zero but some finite value.  Gould and Roberts  have solved 

Eq. (5) and obtained a solution in the form of 

f[pd,   pr,    p\] 



A ratio o( 10  WHS assumed, since n .   and n      arc somewhat indeter- 

minate, .ind since L0  produced tlie closest check with experimental 

results.  Their data are shown in Fig. 4. 

(luce again there is a region over which the curve flattens out.  As 

pT   is increased for a given pJ, the breakdown approaches the character of 

a CW breakdown.  When there is no longer any decrease of E   /p   with in- 

creasing pT, the breakdown is precisely the same as in the CW case.  The 

shorter the value of T, the more rapidly must the electron density build 

up to reach nb.      This can be done if the ionization rate (and hence E^/p) 

is increased while the attachment and diffusion losses remain the same or 

become smaller.  The attachment loss is constant as a function of T, but 

the diffusion loss decreases as T decreases, since there is less time for 

the electrons to diffuse to the walls.  However, in general the decrease 

in diffusion loss is more than offset by the reduced time available for the 

electron density to reach n    .  Thus as pT   decreases, for a given pd, 

E   Ip   increases. 
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FIG. 4    SOLUTION FOR PARALLEL PLATE PULSED POWER BREAKDOWN 



In Rcldit ion, since at lowpr values of ;>r the diffusion loss becomes 

less important than the attachment  loss, the curves lor different values 

nf pil   lend to merge as ;>T decreases.  That, is, the spacing between the 

plates no longer is important when the breakdown process is attachment- 

control led. 

2.  MULTIPLE PHLSF: 

If the pulse repetition frequency (PRF) is sufficiently high, break- 

down may occur at lower values of E   /p   than for single pulse breakdown. 

This may be explained as follows: 

Consider a pulse of amplitude slightly below the value necessary to 

produce a single pulse breakdown.  Even though breakdown does not occur, 

a significant electron density is produced while the pulse is on.  When 

the pulse is off, the electron density decreases due to recombination, 

diffusion and attachment.  However, these processes require a finite time. 

Therefore, when the next pulse occurs, the initial electron density, n 

for this pulse will be greater than for the first pulse, so that the 

electron density at the end of the second pulse will be greater than at 

the end of the first pulse.  After a sufficient number of such pulses, 

breakdown will occur.  The shorter the time between pulses (higher PRF) 

the larger will be the residual electron density from the previous pulse, 

and therefore a lower value of E   /p  will be required for breakdown. 

Measurements of this phenomenon have been made by Gould and Roberts 

and by Allen and Keenan.   The results of Gould and Roberts are shown in 

Fig. 5.  As can be seen from the figure, over the usual range of pulse 

repetition frequencies used in radars, the variation of E   /p   with PRF is 

a relatively small factor.  Over the entire range of parameters described 

by Allen and Keenan the value of E   /p   varies by only a factor of two at 

t he most. 

One further point illustrated by the measured results if that the PRF 

at which E   /p   begins to depart from the single pulse values, increases 

with increasing pressure.  That is, the time between pulses must decrease 

as the pressure increases in order for there to be a significant increase 

in electron density from pulse to pulse.  This is reasonable when it is 

realized that the recombination rates increase as the pressure increases. 
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n. UNIFORM FIELD BREAKDOWN TN T1IF. ABSENCE OF SURFACES 

The previous theory can easily be extended to the case where no 

surfaces are present to which electrons can diffuse.  In fact, this is 

but a special case of the previous theory — i.e.  , the case for d   =  m. 

Thus, for CW breakdown the value of E   jp   required for breakdown will be 

approximately equal to 30 at all pressures.  For pulse breakdown the 

value of E  /p  will depend upon pr   in the manner described by the curve in 

Fig. 4 labelled pd   =   40 to ro. 

For both CW and pulse breakdown, we see that the effect of removing 

surfaces from the breakdown region is to decrease the breakdown field 

strength.  This is to be expected since we have eliminated diffusion losses. 

Since scaling laws have been worked out and verified for the breakdown 

theory we are considering, it should be possible to calculate the breakdown 



power density required for breakdown as a function of altitude for 

different microwave frequencies using t lie values indicated in the previous 

paragraph.  In Part V.  »r shall present a theory for non-uniform electric 

field strength; for the present, if the field strength is uniform over a 

distance large compared with the distance an electron could diffuse in the 

time it takes to produce breakdown, the values indicated in this part 

should give quite accurate results. 

E. NON-UNIFORM FIELD BREAKDOWN IN THE ABSENCE OF SURFACES 

"e shall now consider the breakdown from a field distribution in 

space which approximates the distribution produced by a circular aperture 

in the vicinity of the range at which it is focussed.  This field will be 

relatively constant in the axial direction and will vary radially as 

sin (mr)/(mr).      Surfaces are assumed to be absent.  Since the ionization 

rate is a function of the electric field, there will be no variation of 

ionization rate in the axial direction but an appreciable variation in the 

radial direction.  Figure 6 is a plot of the variation of ionization rate 

with E   /p.      Using this figure it is possible to plot the ionization rate 

as a function of electric field, and hence of radial position, at a 

constant pressure. 

In Fig. 7 the variation of electric field and ionization rate as a 

function of the radial distance parameter, mr,    is plotted.  Because of the 

rapid decrease of the ionization rate with electric field, the ionization 

rate has dropped to a low value by the time the electric field has de- 

creased to the 3-db point.  A good approximation to the actual ionization 

rate is given by the expression 

',mr/l.2, 

The   curves   shown   in   Fig.   6   are   typical   of   the   variation   for   E   /p   between 

30   and   140   volts/cm/mm  Hg.      The   expression   given   abovp   gives   good   approxi- 

mation   ovpr   the   whole   range   of   E   /p.      Although    it   would    in   principle   be 

possible   to   use   the   actual    value   of   the    ionization   rate   and   solve    for   the 

breakdown   conditions,    using   the   above   approximate   expression   allows   a 

closed-form   solution   to  |>f>   obtained   which   is   good   over   the   most    important 

range   of   the   parameter   E   /p.      Note   that    if   the   maximum   electric    field   at 
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mr   =   0      is   just   sufficient   to   start   breakdown,    the   ionization   rate   due 

to   the   electric   field   in   the   side   lobes   of   the   pattern   will   not   produce 

breakdown. 

Now,    let   us   consider   the   breakdown   equation,   Eq.    (1): 

9n 
—    =      [v.(r)   ~ v  ]n   + V2Dn 
dt 

(1) 

In this case v.   is a function ol   radial position and fi   is a function 

of electron energy (and hence of E   /p).      Hut since we are confining our 

interest to a region bounded so that E   /p   does not vary by more than 

3 db, we shall assume that D   is constant.  Therefore, F,q. (1) may be 

written as 

1 dn 

I)   dt 

vAr)   -  v 

n  + V2n (7) 

\2 



Following a procedure similar lo the case for uniform fields, we obtain 

— In   — 
Dr n „ 

v   (r)   v 

I) I) 

V2,, 
(ft) 

For CW breakdown, T goes to infinity and the left-hand side of th( 

equation goes to zero, so that, the breakdown condition is expressed by 

v.(r)        va 

D D 
n   *■ V2n  =  0 (9) 

Expanding Eq. (9) in cylindrical coordinates and including the ap- 

proximate expression for the ionization rate, we obtain 

d2n        1 dn ] 'me 

dr2        r   dr \      D 1) 
0 (10) 

where a   is the radius at which the field is down 3 db. 

This expression is good for 0 <   r   < a,   and has the solution 

where 

n„e-CT'2/2 N ( 
2a - 1 

V kj 
1 , <y% 

1   1 

ka 

I 1 

D 

kr      1 
Y2 

W [(It , y , y ]  ■  confluent hypergeometric function 

For r   >   a,   we assume that the ionization rate is zero, so that 

Eq. (10) reduces to 

d2n        1 dn 

dr 2   r <^r   /) 

13 

0 (11 ) 



which has the general solution 

n  = 4.7/'" HJo V l'j 

Since J - (i r) increases with increasing r, it cannot meet the bound- 

ary condition that n -* 0 as r ""• u0.  Therefore 

n =     AiH ( 1 ) 
D 

/ 

Applying the boundary conditions that both n   and Vn are continuous 

across r   =   a,    we obtain 

»0//jnu«,> 2a- -  1       V    4o- 

,6a -  ] 
- ■   2 -   y0 

2cr /2a  --   1 
M 

4a / 
»hers 

(12) 

fed 

The solution of Eq. (12) is plotted in Fig. 8.  We may use Fig. 8 to 

find the value of E   /p   required for breakdown as a function of pa,    as 

follows:  Let 

   = M        and 
v v   C D 

Then, using MacDonald's approximation  for the attachment rate and col 

lision rate, 

4 * 10 bv 5.3 * 109p 

we obtain the required ionization rate on the axis of the cylindrical 

reg i on: 

M 
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FIG. 8   MINIMUM BREAKDOWN CONDITION FOR INFINITE CYLINDER (r   = a) 
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  =  2.12 x 104W 
P 

We can then determine the required value of E   /p   from rig. 6. 

To obtain M  we need to know N.      Again from MacDonald  we find that 

l)P    =     3.2 x 105u>v 

where u   is the average energy of the electrons. 

For a typical microwave discharge, the average energy is approxi- 

mately 4 ev so that Dp is approximately 1.28 x 106. Putting this into 

the equation for N   we find 

N     =  0.0414pa 

Thus, for each value of pa   we find N.      From N  we find M;    from M  we 

find v.   /p; from v.    /p   we find E^lp.      The results of this computation 

are plotted in Fig. 9.  We see that so long as pa   > 25, E   /p   is a constant. 
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FIG. 10 CW BREAKDOWN POWER DENSITY AT X-BAND FOR INFINITE CYLINDERS 

OF 1-, 10-, AND 100-cm RADIUS 

In this region diffusion losses are negligible and the breakdown is 

a11achment-contro1 1 ed.  For pa   < 25, E  /p   rises as pa   decreases, indi- 

cating that diffusion losses are important in the breakdown process. 

Using Fig. 9 it is possible to calculate the CW breakdown power density 

as a function of pressure for a constant value of a.      This has been 

done and the results are shown in Fig. 10 for several values of a   at 

A-band.  In Fig. 11 the breakdown power density as a function of pres- 

sure is plotted for three different frequencies with a constant value 

of a  = 100 cm. 

From Fig. 10 we can see that the larger the spot diameter is, the 

lower must be the pressure at which diffusion losses become important. 

For a   -   100 cm, diffusion losses are not. important until the pressure is 

less than 0.1 mm Hg; for a   -    10 cm, diffusion is important at pressures 

below 1mm Hg.  The minimum power density for breakdown is about 400 watts/cm' 
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r rom Fig. 1] we can see the effect of frequency on breakdown power 

density.  As the frequency is increased, the power density required for 

breakdown increases.  The minimum power density is approximately propor- 

tional to the frequency squared.  Thus, the minimum power density at 

10,000 Mc is about 400 watts/cm2 while at 1000 Mc it is on 1 y 4watts/cm2. 

To solve for the case of pulse breakdown we reconsider Kq. (8). 

— In   — 
Dr n, 

vt(r) 

D 

V2n 

We have solved the case for T If we assume that n   has the same 

spatial variation at different times, and that the ln[n(r)/nA    term 

varies so slowly in r that it does not change the distribution of n 

from the CW distribution, we may use the CW solution for the distribu- 

tion of n and consider its time growth.  If n(r)   is of the form T(t )r? (r) 

the diffusion term is a constant with time.  Using the CW distribution 

we may calculate an equivalent diffusion length Acw for each condition 

of pa.      Thus for CW breakdown 

v . ( 0 ) - v 

Acw 

Dividing by p2   we get 

",(0)/p - vjp 

DP PAr.w 

Putting in the approximations used before for the diffusion, attachment 

and collision rates, we find that 

1.66 x )0'2(pa)2[M ~   lj (13) 

Since M   is a function of pa,    the left-hand side of Kq. (13) may be found 

as a function of pa. 
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Returning lo Eq. (()) , for breakdown to occur, n must equal nfc, and 

the required ionization rate is greater than tlie CW value liy a term in- 

volving the pulse width 

v, (0) - V 

V:w/ 

In  nb/nQ 

DT 
(14) 

The right-hand side of tins equation is of the form of a diffusion 

length, defined so that 

(A.) 
/)- 

In   nb/n0 

A commonly used value of n./n.   is 10  so that 

<Ap )2 
DT 

20.4 

Thus Eq. (14) becomes 

vt (0) 

(A-,)2   (A )2 

(15) 

When A  » \        the breakdown field is the same as for CW.  If A  << A^„, 

the breakdown field is higher than the CW field.  Putting in the values 

of the effective CW and pulse diffusion length, we obtain 

vAO) 
2.12 * 10 4W + 

20.4 

PT 
(16) 

lo calculate E   /p   for pulse breakdown, choose a value of pa   and 

find M.      For each value of pr   find V,/p.      From v./p   obtain E   /p. 

Figure 12 gives a plot of E   /p   as a function of pT   for nine values of 

the parameter pa. 

In Section III, measured values of the breakdown power density will 

be presented and compared to the values calculated from this theory. 
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Ill  MEASUREMENTS OF BREAKDOWN LEVELS 

A. DESCRIPTION OF THE EQUIPMENT 

In order to verily ihe theoretical calculations presented in 

Section II, an experimental set-up was constructed that would allow 

measurements to be made of the breakdown power density at X-band (approxi- 

mately 8500 Mc) as a function of pressure.  A low-pressure region suf- 

ficiently large in size to be a good approximation to the case of no 

diffusing surfaces was made by evacuating a four-foot diameter spherical 

Plexiglas chamber.  A parabolic antenna was placed outside the vacuum 

chamber and fed by a waveguide placed at a distance from the parabola 

such that the maximum power density point occurred near the center of the 

Plexiglas chamber.  This is sketched in the inset of Fig. 13. 

An X-banA   radar transmitter capable of producing over 100 kw of peak 

power was used as a source of microwave power.  The equipment produced a 

pulse width of approximately 3 microseconds and was run at a pulse 

repetition rate of about 300 pulses per second, although in certain tests 

the repetition rate was varied to note its effect on breakdown.  The peak 

power was determined from a measurement of the average power on a Hewlett- 

Packard 430C power meter that was coupled to the main line through a 

calibrated directional coupler and attenuator. 

A 500-microcurie polonium source was attached to the inside of the 

chamber, as far as possible from the microwave beam, to ensure repeatable 

measurements.  The polonium source does not lower the threshold breakdown 

level but merely ensures the presence of the initial electron to initiate 

the breakdown.  Breakdown was detected either visually, as the first sign 

of a glow in the chamber, or as the first change in the power received by 

a small pickup horn that was in line with the parabola but mounted dia- 

metrically opposite to it.  A block diagram of the set-up is shown in 

Fig. 14 and a photograph is shown in Fig. 15. 

B   DETERMINATION OF THE SPATIAL DISTRIBUTION 
OF THE POWER DENSITY 

With the 18-inch parabolic antenna mounted over the vacuum chamber, 

the waveguide feeding the antenna was set at a fixed position and the 
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FIG. 15    EQUIPMENT FOR MEASURING FREE-SPACE BREAKDOWN LEVELS 
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axial distribution u I' electric field was IIK a su red by a small ilipole 

probe attached in a moving carriage.  Alien I.lie region of maximum electric 

field was found, several i cms verse distributions were measured to deter- 

mine the radial extent of the field.  This determined the parameter a. 

A typical axial distribution is shown in fig. 13(a) and a typical trans- 

verse distribution in fig. 13(b).  From Fig. 13(a) it, can be seen that 

the axial field is constant within 1 db for about 20 cm.  For the pressures 

anil pulse widths that wen; used in the measurements, this makes a very 

good approximation to the theoretical model of an infinitely long cylinder 

of constant amplitude.  The 3-dn radius could be varied somewhat by 

changing the position of the feed waveguide, i>ut, for the most of the data 

a feed position was used that minimized the 3-db radius, since this gave 

the greatest power density at the focal point, and hence the greatest 

range of pressure over which measurements could be made.  The minimum 

3-db radius was 2.4 cm. 

Measurements were made with the upper Plexiglas hemisphere in place, 

and with the hemisphere removed, to determine if there were any defocusing 

effects.  The spatial distributions changed only slightly, but the power 

level at the local point with the hemisphere in place was about 0.8 db 

less than with the hemisphere removed.  This was probably mainly due to 

scattering off the outside surface of the hemisphere in addition to a 

small degree of defocusing. 

Once the maximum power density plane was found, the value of the 

power density per watt into the waveguide feeding the parabola was de- 

termined as follows.  With a signal generator connected to the parabola, 

the power received by a small horn a;, the maximum power density plane 

was measured relative to the power transmitted by the parabola.  Call 

this ratio N.      The effective aperture, 4 , ol the horn was calculated by 

means of a technique ol iiraun  which is good to better than 0.1 db.  Then 

the maximum power density, I'        .    is 1 '     m 8 X 

I' -       (/\/V)/7l 

where /'  is the transmitted powei .   In our case, ;V was measured as 8 db 

ind A      was calculated to be 11.1 c so that 

(/' ) '7 0 watt s 'cm2 



The presence of tlie upper hemisphere requires the addition ol an addi- 

tional defocusing los.s ol 0.8 db, -so that 

P =      11 . 8 P   mi 1 1 iwatts 'cm2 
max e 

Another correction must he added because the value of effective aperture 

was calculated for plane-wave transmission, although it was used to 

measure power in a non-uniform field.  It is estimated that this error 

is about 0.5 db, so that the value of /'    that was used in translating 
max " 

the measured values of power into power density at the focal plane was 

P =  13.1 /'   milliwatts/cnr max t 

With the transmitter power available (of the order of 100 kw peak) it 

was thus possible to produce peak power densities of 1300 watts/cm . 

C.  MEASURED AND THEORETICAL BREAKDOWN LEVELS 

IN THE ABSENCE OF SURFACES 

The measured values of the pulse breakdown levels in the absence of 

surfaces are presented in Fig. 16.  For these measurements a frequency of 

8.53 Gc and a pulse width of 3 microseconds were used.  Because of insta- 

bilities in the transmitter when it was operated at low pulse repetition 

rates, the measurements were carried out with a PHF of 200-  In order to 

facilitate comparison with the theoretical values, which were derived on 

a single-pulse basis, the measured values have been increased 1 db.  This 

is the decrease in power required for breakdown when the PRF is increased 

from one to two hundred. 

From Fig. 16 we can see that the minimum power density required for 

breakdown occurs at a pressure of about \   mm llg, which is the same pres- 

sure at which the minimum occurs for ,Y-band breakdown in waveguides and 

antennas.  This is the pressure at which the collision frequency and the 

radian radio frequency are approximately equal.  The power density at 

the minimum is about 800 watts'cm    Figure 17 is a photograph of the 

discharge. 

Also plotted in Fig. 16 is the breakdown level as computed from the 

theory presented in Section II for non-uniform fields.  The value of the 

3-db radius in this calculation was 2.4 cm.  The comparison between the 

measured and calculated values shows quite good agreement in the region 

27 



10 

10 

o 
0- 

'0 

\ 
LC JLATED .-- 

3 

MEASURED 
(ADJUSTED  FOR 

INGLE-PULSE   BREAKDOWN) S 

LL     _L 
f = 8.53GC 

2 

PRF =  1 

10 10 10 
PRESSURE mmHg 

10 
B4-3345-I6 

FIG. 16    CALCULATED AND MEASURED BREAKDOWN POWER DENSITY AS A 
FUNCTION OF PRESSURE —SINGLE-PULSE BREAKDOWN, a   ■  2.4 cm 

28 



RP - ;3^ 2 

FIG. 17 BREAKDOWN OF AIR AT 4 mm Hg PRESSURE IN THE ORTHOGONAL PLANES 
OF THE ANTENNA PATTERN 
(a) E-PLANE 
(b) H-PLANE 

29 



over which such a comparison can be made.  Tlie minimum occurs in approxi- 

mately llie same pressure regime, anJ the level of power density at the 

minimum was measured and found to be within 1 db of the calculated value. 

In fact the agreement is of that order over the entire pressure range. 

This agreement is taken as proof that the theoretical model used for 

calculating the breakdown le/el in a non-uniform field is reasonably valid. 

The variation between the1 measured and calculated values of 1 db can be 

accounted for by a number of factors — uncertainties in the power density 

calibration, variation in the actual pulse from a rectangular pulse, 

variations in the I'HK correction with pressure, uncertainties in the 

ioni zati on rate. 

D.  MEASURED AND THEORETICAL RREAKDOWN LEVELS IN THE 

PHESENCE OF A REFLECTING PLATE 

In order to further check the theory for breakdown in non-uniform 

fields and to show the effect of a boundary on the breakdown level a flat 

aluminum plate was placed at the maximum power density plane.  This al- 

tered the axial distribution, producing a standing-wave pattern of power 

density with a null in the aluminum plane and every ha 1f-wavelength above 

it.  This also raised the maximurn power density per input watt approxi- 

mately 6 db, enabling measurements to be made over a wider pressure range 

than when the plate was absent.  The measured axial distribution of elec- 

tric field is shown in Fig. 18.  Only the level and position of the maxi- 

mum and minimum field were noted, and the curve was not smoothed out, 

which accounts for the spiky appearance of the plot.  Actually the field 

varied sinusoidally between the nulls.  The measured data within a lew 

centimeters of the ground plane probably are not very accurate because 

of proximity effects on the probe impedance.  The envelope of the peaks 

follows closely the field distribution in the absence of a ground plane. 

Measurements were made of the breakdown power density for this con- 

figuration using the same frequency, Pill', and pulse width as before. 

The results are shown in Fig. 10.  The minimum still occurs at 4 mm llg 

but is slightly higher — about 1 kw 'cm  compared to 800 watts/cm  without 

the aluminum plate.  Also plotted in Fig. 10 is the calculated value of 

breakdown level using the theory for non-uniform fields.  For this cal- 

culation a   was considered to be the 3-db distance from the principal 

maximum of the axial distribution instead of the transverse distribution. 

Since the standing-wave distribution along the axis has the form of 

:!n 
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FIG. 19 CALCULATED AND MEASURED BREAKDOWN POWER DENSITY AS A FUNCTION 

OF PRESSURE —SINGLE-PULSE BREAKDOWN, a = 0.44 cm 

(Flat Plate at Focal Plane) 

sin (kx),   where k   -- 2TT/K,    the value of a   is A.'8 or 0.41 cm at 8.5 Gc . 

The 3-db distance in the transverse direction is 2.4 cm.  Since the 

smaller distance is the one that will control diffusion losses, 

a   -   0.44 cm was the value used in the calculation.  Once again the com- 

parison between the measured and the calculated values shows quite close 

agreement over the entire pressure range. 

In fig. 20, the measured breakdown power density is shown for 

a   -   2.4 cm and a   =   0.4 1 cm, corresponding to the case of an unbounded 

medium and a flat plate at the maximum power density plane, respectively. 

At high pressures, where diffusion is negligible, and especially for 

pulsed breakdown, there is very little dilference between the two cases. 

At lower pressures, where diffusion can become important, the larger 

diffusion losses that are encountered in the presence of the flat plate 

lead to higher breakdown fields than for the case of an unbounded medium. 

Photographs of the discharge are shown in figs. 21, 22, and 23.  The 

bright bars are one-ha 1f-wavelength apart, showing that breakdown occurred 

at each peak in the electric field distribution.  The lowest peak is a 

reflection in the surface of the aluminum plate. 
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PRESSURE- 

FIG. 20 MEASURED BREAKDOWN POWER DENSITY FOR AN UNBOUNDED MEDIUM 

AND IN THE PRESENCE OF A FLAT PLATE AT THE FOCAL PLANE 

K CONCLUSIONS 

It is concluded from the measurements reported in this section that 

the model discussed in Section M lor calculating the breakdown power 

density of air in an unbounded medium with non-uniform fields is valid 

within 1 to 2 do.  Sine«; scaling laws have been verified in previous 

work using a similar theory, it is concluded that they wi 11 also apply 

to this case- 
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IV    TRANSMISSION TflKOU«;» A  DJSCHAItGi: 

In order to determine order-of-magnitude eliects of the transmission 

of energy through the ionized air formed by the voltage breakdown, a 

simple experiment was set up.  A sketch of the experiment is shown in 

Fig. 24.  It was necessary to provide a pressure differential between the 

region over which ionization was desired and the region in which the 

microwave receiving probe was to be located.   If this was not done, and 

one wanted to probe the received signal with a directive antenna in the 

vicinity of the local plane, the discharge would form around the probe, 

altering botli the probe characteristics and the discharge.  One crude 

means of accomplishing the pressure differential was to use a small bell 

jar that could be pumped down to the desired pressure, and to place the 

focal plane and the probe outside the bell jar.  Tn this way, only the 

region in the bell jar could be ionized.  The ease that was studied was 

one in which the breakdown occurred to the left of the focal plane.  In 

a high-a 11itude case this would correspond to breakdown at altitudes 

below the local altitude. 

TRANSMITTING 
ANTENNA GLASS   BELL   JAB 

RECEIVING   ANTENNA 

FOCAL   PLANE 

■ A S?«V20 

FIG. 24    EXPERIMENTAL SET-UP USED IN MEASURING THE TRANSMISSION 
LOSS THROUGH A DISCHARGE 
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Data were taken in several forms.  In one case the transmitted 

power was set at a constant level and the pressure varied.  At each pres- 

sure the received pulse was photographed at three positions along the 

axis; at 21 cm (focal plane), 7 cm, and 1 cm from the hell jar.  Some 

typical pulses are shown in Fig. 25 lor the three positions.  In Fig. 26 

the results are shown by comparing the signal loss as a function of time 

for the three positions.  In the photographs time is read from right to 

left.  When the pulse is turned on, the full amount of power is trans- 

mitted without attenuation until breakdown occurs [at about Ü.2 micro- 

second, for  example, in Fig. 26(d)] when there is a deciease in the 

power received by the probe.  Since the phenomenon is predominantly a 

single-pulse breakdown, the same process occurs on each pulse.  In all 

cases the position closest to the discharge shows the greatest loss in 

received signal.  The 21 and 7 cm positions show almost the same signal 

loss; at all pressures, the loss is appreciably lower than the 1 cm 

position. 

These results can be explained with the aid of Fig. 27.  Point a 

is the focal point, while Points b   and c correspond to positions that 

are, respectively, 7 and 1 cm from the discharge.  If we use ray optics 

and consider the plasma simply as an absorber of electromagnetic energy, 

then for transmission to Point c, every ray undergoes absorption.  For 

transmission to Point 6, only some of the rays are absorbed; others pass 

unattenuated.  Only a very few of the rays transmitted to Point a   suffer 

absorption.  Thus the absorption is least at Point a   and greatest at 

Point c.      The experimental conditions are not as neatly defined as are 

the conditions in Fig. 27.  The plasma may also act as a len? to focus 

or defocus energy.  Furthermore, the extent of the plasma is not as 

sharply defined as was the plasma in the illustration.  However, if the 

lens effect is not large, the experimental case should be similar enough 

to the illustration to be understood in the manner suggested. 

The results shown are for only one power level.  For higher power 

levels, the extent and thickness of the plasma would be greater and hence 

the attenuation would also be greater.  For lower power levels, the con- 

verse would be true.  With the single power level used, the plasma at 

the higher pressures was rather small in size so that the absorption was 

small.  As the pressure was lowered, the discharge became larger. 
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FREO. = 8500MC 
PRF   -    300 PPS 
PW      =   3XI0~G SECONDS 

0.5 MICROSECONDS/DIVISION 

PRESSURE   =   4mmHg 

PULSE   WITHOUT  BREÄKC 
PROBE   2lcm  FROM  BELL JAR (FOCAL   POINT! 

PROBE   7cm   FROM   BELL  JAR 
PROBE   I cm   FROM   BELL  JAR 

FIG. 25    PHOTOGRAPHS OF PULSFS RECEIVED THROUGH THE DISCHARGE 
FOR DIFFERENT   PROBE POSITIONS 
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TIME  -fist! 

FIG. 26    TRANSMISSION LOSS AS A FUNCTION OF TIME 
FOR DIFFERENT PROBE POSITIONS 

to 
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FIG. 27    RAY OPTICS MODEL OF ABSORPTION OF ENERGY 
BY THE   PLASMA AT DIFFERENT PROBE 
POSITIONS 
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lhe variation ol t raiismi ssi an loss with pressure is thus partially ex- 

plained by tin; variation in the plasma dimensions.  Of course, the plasma 

parameters — electron density, and collision frequency — also varied with 

pressure so that the plasma size docs not give the complete description 

desired,  A diagnosis of the plasma would be required to complete the 

account.  The results of such a diagnosis are reported later. 

Measurements were also made of the received power in a plane perpen- 

dicular to the axis.  These measurements were made at 21 and 7 cm for 

three different power levels.  At 36 kw no breakdown occurred.  At 48 kw 

a small discharge was started.  At 96 kw the discharge was considerably 

larger.  All measurements were at a pressure of 0.55 mm llg.  The results 

are shown in Figs. 20 and 29.  The values given are in db below the level 

specified for each curve.  Thus, -3 db for the 36-kw curve equals 18 kw, 

while for the 96-kw curve it is 48 kw.  From Fig. 28, which is for the 

power received at tiie focal point, increasing the power by 4.3 db from 

FIG. 28 TRANSVERSE FIELD DISTRIBUTIONS FOR DIFFERENT POWER 

LEVELS —AXIAL POSITION OF PROBE AT FOCAL PLANE 
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FIG. 29 TRANSVERSE FIELD DISTRIBUTIONS FOR DIFFERENT POWER 

LEVELS —AXIAL POSITION 7 cm FROM THE BELL JAR 

36 kw to 96 kw results in an increase in the power at the focal point of 

only 2.3 db, from 36 kw to 60 kw.  Increasing the power level once a dis- 

charge has started results in an increase, in this nonlinear effect so 

that less power reaches the focal plane per input watt as the input power 

increases.  This is more strikingly illustrated in Fig. 28 where an in- 

crease of input power from 36 to 96 kw does not increase the power level 

on axis at all. 

The shape of these curves may he understood qualitatively by once 

again using a ray optics model, as illustrated in Fig. 30.  For a given 

axial probe position, say 7 cm, and tio breakdown, the transverse dis- 

tribution of electric field wi 11 depend upon the phase of the various 

rays arriving at each point.  This gives the variation shown for the 

36-kw power level.  With a plasma present, some of the rays are attenu- 

ated.  At Position 1 in Fig. 30, all of the rays go through the plasma, 

and the received level drops.  At Position 2, which is off axis, only 

some of the rays are attenuated by the plasma so that the received signal 

I! 



  

»A-3S45-M 

FIG. 30    RAY OPTICS MODEL OF ABSORPTION OF 
ENERGY BY THE PLASMA AT DIFFERENT 
POSITIONS IN THE TRANSVERSE PLANE 
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drops less than for Position 1.  At Position 3, none of tin; rays pass 

through the plasma and the received level is the same as   for no plasma 

present.  The larger the plasma diameter, the farther off-axis will 

Condition 3 be observed.  This is precisely what happened in the measure- 

ments reported in Fig. 29-  The 36-kw curve represents the no-plasma 

condition.  At 48 kw a small plasma was present, giving a lew db of on - 

axis attenuation but no attenuation at about 3 cm off-axis.  As the 

plasma was made larger by increasing the power, the off-axis distance 

at which the plasma did not affect the distribution increased until at 

96 kw it was 7 cm. 

In order to understand the transmission properties of the plasma 

medium after breakdown has occurred it is necessary to know the plasma 

parameters:  electron density and collision frequency.  The collision 

frequency under breakdown conditions has been estimated by Brown  and 

MacDonald  with the result that a value of 5.3 x 109p is commonly used. 

This is for a "hot" plasma with an electron temperature of the order of 

5 ev.  However, there is very little data on the electron density at 

breakdown for different conditions of pressure and input power.  In order 

to measure this parameter with sufficient spatial resolution in the 

unbounded-mediurn discharge it is necessary to consider Langmuir probes. 

They are small enough to minimize the disturbance in the electric field 

distribution when they are introduced into the field, provided the axis 

of the probe is at right angles to the electric field vector.  However, 

the use of Langmuir probes in the short time associated with pulse break- 

down (less than 3 microseconds) has not been demonstrated.  Therefore, it 

was decided that an experimental program to determine the feasibility of 

probes in microsecond discharges would be necessary.  By using the probes 

in a controlled discharge such as a breakdown in a rectangular waveguide, 

the electron density could be determined from microwave propagation 

measurements.  This would serve the double purpose of checking the use 

of Langmuir probes in microsecond discharges as we]l as yield information 

on the electron density during microwave discharges as a function of 

pressure and power level.  A comparison between the results for a con- 

fined discharge, such as in a rectangular waveguide, and in an unbounded 

medium would be oi interest in determining how far concepts applicable 

to confined systems are appropriate to unbounded systems.  To this end 

a program of experimentation with Langmuir probes was started. 
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V HIE USE W  LANGMUIK L'HOBKS TO UETEHMINE 

ELECTION DENSITY AMD TI MPERATURE 

A.  INTHODUCTION 

hlectrostalic probes (l.anpinui r probes.) have been used tor many years 

to determine electron and ion densities and electron temperature in dis- 

charge devices.   More recently ihey have been used to determine these 

parameters in the ionosphere.   Although there are many limitations to 

the use of probes, they are often the only means of obtaining a very 

small spatial resolution.  The literature dealing with the theory and 

operation of such probes will be reviewed in Part 13 with a view to de- 

termining the applicability of the probes in diagnosing microwave-produced 

plasmas.  Part C describes a simple experiment with a direct-current dis- 

charge, performed to gain some proficiency in the use of probes before 

applying them to the microwave-produced plasmas.  Part D describes an 

experiment in which probes were used to determine plasma properties in 

a discharge in an evacuated waveguide section.  Part E describes the 

probing for discharge of the type discussed in Section III. 

B.  ELECTROSTATIC PROBE THEORY 

The theory of the electrostatic probe was worked out by Langmuir 

and Mott-Smith in the 1920's. 9  Since their original work, many papers 

dealing with probes have appeared in the technical literature, but until 

very recently little change has been made in the theory.  One of the 

most important changes has been that made in the interpretation of the 

ion current in terms of the ion temperature.   The early theory supposed 

that the ion temperature could be determined by measurements of the ion 

current.  This is no longer held to be true, since it has been shown 

that the electron temperature, and not ion temperature, is the controlling 

factor in the ion current. 

The electrostatic probe is a conductor immersed in a plasma to which 

a voltage is applied.  The variation of the current drawn by the probe 

as the voltage is varied produces a curve which has the characteristic 

shape shown in Fig. 31. 
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i ( PROSE CURRENT) 

FIG. 31 TYPICAL PLOT OF CURRENT AS A FUNCTION 
OF VOLTAGE FOR AN ELECTROSTATIC 
PROBE 

When the probe is highly negative (AR   in Fig. 31) with respect to 

the plasma, positive ions are attracted to the probe and electrons are 

repelled.  Thus the current collected is predominantly made up of posi- 

tive ions.  Because of the preponderance of positive ions and the lack 

of electrons near the probe, a positive space charge is developed in that 

region which limits the current collected by the probe.  The probe and 

plasma form a system similar to a diode; the plasma acts as the cathode 

and the probe acts as the anode. 

As the probe is made less highly negative (ßC in Fig. 31), a point 

is reached at which a few high-energy electrons are able to reach the 

probe.  The current is then made up of electrons and positive ions so 

that the measured current is 

i. + i 

Since the electron current is made up of charges of opposite sign from 

the positive-ion current, the measured current decreases. 

The manner in which i      varies as the potential is made less negative 

will depend upon the energy distribution of the electrons.  Conversely, 

a measurement of the variation of current with potential in the region BD 
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may lit? used in determine the energy distribution. 2 For a Maxwellian 

distribution, the Bolt, imann equation gives the ratio of llie electron 

density that readies the probe, n', to the electron density in the 

plasma, n,    in terms of the electron temperature, T   , and the voltage 

across the sheath, V,    as follows: 

e.<p 
Ve 

kT 
17) 

«here k   is Boltzmann's constant and e.    is the charge on an electron. 

The random current density is calculated from kinetic theory as 

/ 
net; 

4 
(is: 

where I   is the current density and v   is the average velocity. 

rent density collected at the probe is therefore 

1 he cur- 

/' (19) 

since v   is the same both in the plasma and at the probe.  Combining 

Eqs. (17) and (19) and multiplying by the area of the probe, A ,    we may 

find an expression for the election current at the probe in terms oi 

the electron density in the plasma: 

nev I V 
i = A   exp 

kT 
(20) 

iaking logarithms of both sides we obtain 

loR. o '« 
nevA Ve 

»g,n + 0.413   h ' °  4 kT 
(21) 

iii us a plot, of log   I  as a I unction of V   should yield a straight line 

whose slope is directly related to the electron temperature. 

At /.ero potential, 1 = 0, the entire random current density is 

collected and the electron density may he calculated from 

41 
(22) 
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The average velocity may Lie calculated once the electron temperature is 

determined since, tor a Viaxwelliun distribution, 

&kT 
(23) 

where m   is the electron mass.  Thus 

i e 

A e ]/kTe 
(24) 

Heturning to Fig. 31, we may note that at D,   V  =   0.  At potential 

greater than this, the probe is positive with respect to the plasma and 

a negative space-charge rapidly forms around the probe, limiting the 

current.  This accounts for the break in the curve at Point D.      As the 

potential is made greater, the potential across the sheath increases 

until electrons entering the sheath acquire sufficient energy to ionize 

a neutral particle.  At this point (Point E), there is a rapid rise in 

current for a slight .Increase in potential. 

In taking measurements the voltage is generally recor 'ed between 

the probe and a reference electrode (the anode, for example, in a dc 

discharge).  Thus the voltage corresponding to V   = 0 must be determined. 

One approximate method is to look for a sharp break in the electron cur- 

rent, as at Point D.      A more precise method is discussed in the following 

section. 

When a space charge is formed around a cylindrical probe, the current 

per unit length is given by 

14.68 x 10"6 Vm   (1 + 0.0247 \/T/V) 
(25) 

where 

vV™"t r(-/32) 

r is the probe radius 

m is the particle mass (ion or electron) 

(-ß   ) is a function of the ratio of the probe-to-sheath 

radius and has been calculated by Langmuir and 

Blodgett. u 
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This expression is calculated using as a model a coaxial diode with the 

inner conductor of radius r as the anode and the outer conductor of 

radius u (the sheath radius) as the cathode or emitter. 

Langmuir and Mott-Smith have analyzed the current collected by a 

number of simple geometric shapes (plane, cylinder, and sphere.) and 

their results car. be expressed  oo 

Alf (26) 

where, for a cylindrical probe, 

a/r   P(V4>)   + exp (77) [] - PWn' + <p) (27) 

and 

Ve 

kf 

T)  + <p 

P(x) 
2 

dy 

When all of the electrons that enter the sheath are collected by 

the probe, the current is said to be sheath-area limited.  However, there 

are conditions when all of the electrons that enter the sheath are not 

captured by the probe.  Some of the electrons describe an "orbital mo- 

tion" about the probe and leave the sheath without striking the probe. 

Under these conditions the current is said to be limited by orbital 

motion.  These conditions correspond to asymptotic solutions of Eq. (27). 

When 

(28) 



and t he current, is sheat h- area - 1 i m 1 ted .  Ilok et   al    lü liave analyzed this 

condition and show that the inequality of Eq. (28) will hold if 

r 
<     10"J (29) 

Thus for large densities and probe sizes, the current will he sheath- 

area-limited. 

When a/r   becomes large, orbital motion limits the current and / 

becomes 

2   /       2  . r2 
/ = — Jv  + 1 - -v2 — 

fit    I 3    a2 
(30) 

vhich in turn becomes 

/  =  — /T, + 1 (31) 

if (2/3)T72(r2/a2) « 1. 

Introducing Eq. (31) into Eq. (26) and squaring, we find 

77   \kT 
—  + 1 (32) 

Therefore a plot of i      as a function of V  will be a straight line, which 

intercepts the voltage axis at 

kT 
(33) 

The voltage corresponding to the plasma potential can thus he found from 

a plot of t as a function of V. V = 0 occurs at a voltage kT/e greater 

than the V-axis intercept.  The slope of the straight line is given by 

AA2l2e 

77fer 
(34) 
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U.siiii.- Kqs, (18) and (23) in !■..(. (34j, the electron density may be found: 

Is 3.32 x 10n  yLy£   eJ ectrons/cc (35) 

where S is in amp volts"'^ and A   is in cm2. 

The conditions for orbital motion to limit the current are given by 

Mok et   al. l0 as 

>  10" (36) 

For low densities and small probes the current will be orbita 1-mot ion - 

limited. 

C.  EXPERIMENT WITH A dc DISCHARGE 

In order to gain some competence in the use of probes, a dc discharge 

tube was constructed with a Wilson seal placed 5.5 cm from the anode. The 

probe was inserted through the Wilson seal and could be moved radially 

across the diameter of the tube.  A schematic diagram of the tube and 

associated measuring equipment is shown in Eig. 32.  The probe was made 

of 0.003-inch-diameter platinum wire, sealed in a glass insulating cov- 

ering except for an exposed portion  /B inch long at the tip.  The 

potentiometer across the dc supply [labelled (1) in Fig. 32] was varied 

until no current was drawn by the probe.  This corresponds to Point C 

in Fig. 31, and located the probe in the proper voltage region.  Poten- 

tiometer 2 in Fig. 32 was then used to vary the voltage starting from 

large negative values to voltage sufficiently positive to produce a glow 

around the probe.  Data were taken for three radial positions of the 

probe (at the center of the tube,  /8 inch from the center, and at the 

edge of the tube,1 at a pressure of 0.1 mm Hg with constant discharge 

conditions. Ibe analysis of the data for the center position will be presented here; 

analyses of the data for the other positions are sumnarized in a later section. 

A semi logarithmic plot ol the electron current as a function of 

voltage (arbitrary voltage scale) is shown in Fig. 33.  From the straight- 

line portion of this graph, the electron temperature was calculated 

[using Eq. (21)] to be 18,200'K.  The fact that the line appears straight 
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FIG. 32    SCHEMATIC DIAGRAM OF THE EXPERIMENTAL 
SET-UP FOR THE dc-DISCHARGE EXPERIMENT 
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PROBE   TO  ANODE  VOLTAGE 

FIG. 33 SEMiLOGARITHMIC PLOT OF ELECTRON CURRENT 

AS A FUNCTION OF PROBE VOLTAGE 

indicates that most of the electrons follow a Maxwellian distribution. 

The voltage at which the prohe potential is equal to the plasma potential 

(V   = 0) may be determined approximately from the sharp bend of the curve 

at about V   -   6 volts.  If t  is plotted as a function of V,    the voltage 

corresponding to the plasma potential (and the electron density) may be 

found more accurately.  The pluL uf t  as a function of V   is shown in 

Fig. 34.  The asymptote crosses the voltage axis at 4.0 volts, so that 

V  = 0 at 4.0 + kTJe   = 5.57 volts. 

Using K,q. (35), the electron density is found from the slope of 

Fig. 34 to be 3.23 x 109 e1ectrons/cc.  From the current at V  = 0 

[F,q. (24)], the electron density is found to be 3.82 v 10  e 1 ec t rons/cc. 

From the slope of the plot of i+ as a function of V,   the ion density 

(assuming O* ions are collected) is calculated to be 5 x 10  ions/cc. 

Assuming that the electron and ion densities were actually equal in the 
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FIG. 34    PLOT OF ELECTRON CURRENT SQUARED AS A 
FUNCTION OF PROBE VOLTAGE 
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plasma, ii i .s seen that, there is fairly good agreement between the dif- 

ferent methods of obtaining the electron and ion density. 

Combining these results with the results of similar calculations 

for the other two radial positions, the data in Table 1 were obtained. 

Table I 

MEASUHF.1) VALUES OF T    AND n 

POSITION 
(volts) 

n  FROM i2 

c       e 
vs   V 

(electrons/cc ) 

n  FROM i t                  e 
at V   =   0 

(electro na/cc ) 

Center of tube 1.57 3.23 x 109 3.82 x 109 

/U inch from 1.15 3.1 x 109 3.6 x 109 

center of tube 

Edge of tube 1.31 1.05 x 109 1. 19 x 109 

Note that although the two different methods give fairly good agree- 

ment for electron-density determinations (within 20 percent), the methods 

give electron distributions with excellent agreement (less than 5 percent 

difference).  Thus, although the absolute level of the electron density 

at a particular point may be somewhat in doubt, the spatial distribution 

of the electrons should be measurable with a high degree of accuracy. 

From graphs in Cobine's book,  it is possible to calculate the 

electron temperature and density distribution in the positive column of 

a direct-current discharge in terms of the tube diameter, pressure, and 

type of gas.  At a pressure of 0.1 mm Hg, for which our measurements 

were carried out, the positive column had disappeared and measurements 

were made in the Faraday dark space.  Although the theory does not apply 

to the Faraday dark space, the values calculated from the theory agree 

reasonably well with the measured values.  Table II shows the measured 

and computed values. 

Table II 

COMPARISON OF MEASURED AND CALCULATED ELECTRON 

DISTRIBUTION AND TEMPERATURE 

T 
t 

(v olt3 ) 

RAT 10OF ELECTRON OENSITY 
AT CENTER OF TUBE TO 

ELECTRON OENSITY AT EDGE OF TURF. 

Measured 
Calculated 

1.57 
1.51 

3.2 
4.1 

r.h 



I).      LANGMIJIH   PKOBKS   IN   A   PULSKU  U I CflOWAVK   DISCHARGE 

I ■  INTRODUCTION 

A great deal of experience in t he practical details involved in 

the use of Langmuir probes was gained from the dc discharge experiment 

as well as confidence in their applicability.  However, the use of such 

probes in microwave discharges which are pulsed on for only one or 

two microseconds remained to be demonstrated.  In this section the re- 

sults of experiments for such tests are reported. 

In order to check the electron density inferred from the probe 

measurenents, a microwave discharge was produced in a rectangular wave- 

guide operating at /Y-band.  From the attenuation of the signal after 

breakdown occurred, a vaiue of electron density was found.  A comparison 

of the nicrowave and probe-determined electron density shows that the 

ion-current portion of the probe is useful for estimates of electron 

density even in discharges which are only two microseconds long. 

2.  WAVEGUIDE BREAKDOWN EXPERIMENT 

DESCRIPTION 

An X-band magnetron was used to produce a pulsed discharge in 

a section of rectangular waveguide which was evacuated to pressures 

ranging from 0.10 to 10 mm Hg.  The test section was sealed with half- 

wavelength plates, so that a very low standing wave was present in the 

system before the discharge occurred.  Pulse widths of 2.2 microseconds 

were used with a maximum peak power of about 25 kilowatts, so that the 

waveguide broke down within the first few tenths of a microsecond of 

the pulse. 

This condition prevailed over almost the entire pressure range 

indicated above.  After breakdown, the transmitted pulse was attenuated 

by more than 20 db.  The large attenuation after breakdown in so short 

a length of.waveguide indicates that the electron density was high 

enough that the plasma frequency was close to the required value for 

"cut-off" of the microwave frequency in the waveguide.  In the wave- 

guide, the plasma frequency needed for cut-off is reduced from that in 

free space, due to the reactive nature of the guide, according to the 

relation 
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where /  is the cut-off frequency of the unfilled guide.  In our experi- 

ment with a 9.4 Cic magnetron, j     corresponds to an electron density of 

approximately 5 * 10   electrons/cc.  Detailed results of the electron 

density determined from the microwave transmission measurements are 

presented later.  A block diagram of the set-up is shown in Fig. 35. 
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TEST 
SECTION I 
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CRYSTAL 
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TO OSCILLOSCOPE      TO OSCILLOSCOPE 
REFLECTED POWER    TRANSMITTED POWER 

»-1MI-I1 

FIG. 35 BLOCK DIAGRAM OF EXPERIMENTAL SET-UP FOR WAVEGUIDE BREAKDOWN EXPERIMENT 

A single Langmuir probe was inserted at three positions along 

the test section, the distances from the half-wavelength plate being 

0.3, 0.9, and 1.5 cm.  The probe was inserted through a small hole in 

the side wall of the waveguide.  The holes were covered with Mylar tape 

as a pressure seal when not in use.  The collecting surface of the probe 

was made of 0.003-inch-diameter platinum wire 0.125-inch long.  It was 

placed halfway between the top and bottom plates of the waveguide and 

approximately halfway across the width of the waveguide.  Drawings of 

the probe by itself and mounted in the waveguide are shown in Fig. 36. 
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FIG. 36 ELECTROSTATIC PROBE AND INSTALLATION 

Since the system being measured varied with time, it was 

necessary that probe voltage and probe current be displayed on an oscil- 

loscope.  This was done by means of the circuit shown in Fig. 37.  The 

probe current produces a voltage across resistor R   ; this voltage is 

applied to the scope deflection plates.  A switch is used to connect 

the scope across R      (probe current), and then across VV}   to read the 

voltage across the probe and R   .      The dc voltage level is read with a 

Simpson voltmeter across VV The voltage across the probe is deter- 

mined by algebraically adding VV       the dc voltage level, and the voltage 

across R The oscilloscope is placed on the battery side of R   , rather 

than on the probe side of R   , so that the shunt current drawn by the 

oscilloscope will not be interpreted as probe current.  It is necessary, 

when using this system, to correct for the voltage drop across /?  in 

computing the voltage across the probe. 

Data were taken by setting the battery voltage at a level and 

reading the voltage across R   ,    the time-varying voltage VV   ,    and the 

dc voltage across VV The first two voltages were read from the 

oscilloscope face at times of interest.  For the data taken, this was 

at times t   -   1.8 microseconds and t   -   4.8 microseconds from the beginning 
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FIG. 37 CIRCUIT FOR MONITORING PROBE CURRENT 
AND PROBE VOLTAGE 

of the pulse; the earlier time corresponds to data taken while the mag- 

netron is transmitting the latter to the afterglow period when the 

discharge is decaying. 

b.        EXPERIMENTAL RESULTS 

Measurements were made of the electron current as a function 

of probe voltage at pressures in the range of 0.12 to 0.14 mm Hg, 0.71 

to 0.98 mm Hg, and 9.3 to 9.5 mm Hg.  The electron temperatures measured 

during transmission are of the order to be expected, i.e., 3-7 ev, but 

those measured in the afterglow were usually higher than expected.  The 

electron densities are generally lower than would be expected from the 

microwave transmission measurements.  As mentioned previously, electron 

densities greater than 5 * 10   would be expected.  However, the values 

determined from the electron portion of the Langmuir probe curve varied 

from about 4 x 10   to 2 x 10   electrons/cc.  Some typical data taken 

at a pressure of 0.73 mm Hg for three different power levels are shown 

in Fig. 38.  These data were taken 0.4 microsecond before the end of 

the pulse, and the full power was 25 kw peak.  The electron density, 

calculated from the current at the sharp bend in the current-voltage 

curve,n  is about 4 x 1010 electrons/cc.  It appears that the large cur- 

rents drained from the plasma at the higher ends of the middle portion 

in each curve are depleting the actual density in the region of the probe 
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more rapidly than can be completely replaced by ionization and diffusion. 

I his causes the upper portions of the curve to have a lower slope than 

if the probe were not disturbing the density, and has the result that 

the density indicated by the bend between the middle and top portions 

is lower than actual.  In addition, the lower slope of the middle por- 

tion indicates a higher than actual temperature [Eq. (21)].  Indeed, in 

all cases when temperatures measured were not in the range expected, 

they were always on the high side, corroborating this general picture. 

The electron temperature calculated from the data in Fig. 38 

seems reasonable and increases slightly with input power; from left to 

right (low to high power) the temperatures inferred from the middle 

slopes were 45,000, 64,000, and 77,000°K, or approximately 4, 6, and 

7 ev, respectively.  The rapid decrease in current at low current levels, 

evidenced by the steepest leg of each curve, may indicate that the high- 

energy portion of the electron energy distribution is not Maxwelltan, 

but is rather less populated than a Maxwellian distribution would be. 

The fact that the higher levels of the electron current plot as a straight 

line on the semi -logarithmic plot indicates that the bulk of the electrons 

have a Maxwellian velocity distribution with the indicated electron 

temperature. 

The positive ion current through the probe when negatively 

biased has been related to the ion density (hence electron density) in 

the plasma by several authors. '    Chen's analysis,  assuming as usual 

that the probe radius is much larger than several Debye lengths and that 

the probe radius is small compared with mean-free path, gives the simple 

approximate result 

i+  = KAn0e{2kTE/M)l/L 

where K is a constant, of the order of unity, which depends on the probe 

geometry and also slightly on the ion temperature.  Reference 17 gives 

K  = 0.4. 

This method of measuring the electron density, while requiring 

an independent measurement or estimate of the electron temperature, was 

not expected to be influenced as much by the depletion of the charges in 

the vicinity of the probe since the level of current is down approxi- 

mately two orders of magnitude from the readings needed to establish the 

actual density on the electron side of the curve.  Figure 39 shows three 
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typical linear plots ot probe current vs.    voltage to illustrate the 

positive ion current behavior; these curves show some of the same data 

as rig. 38.   It is noted that the ion current portion deviates from the 

ideal shown in Fig. 31 (Point A   to Point H ) , a behavior apparently due 

to an enlarging sheath, hence collection area, as the negative bias 

increases.  Experience has shown that the curves will be approximately 

linear, though inclined, during this portion, and a good choice of value 

of i+ is where the curve departs from this linear portion toward the 

exponential rise in electron current.  Fortunately, the errors involved 

in selecting the current level are relatively small since to the left 

of this point the slope is small; an additional 50 volts of negative 

bias is typically required to introduce an error of a factor of two in 

the reading.  The higher power is seen to have two effects, other than 

the temperatures noted:  (1) a higher bias is required to collect elec- 

tron currents equal to the corresponding ion current, and (2) measured 

density is slightly higher with higher power. 

Ion-current measurements, converted into ion densities ac- 

cording to Eq. (37), are shown in Fig. 40 with distance along the guide 

as the abscissa; the three curves correspond to the three pressure 

regimes noted.  It is significant that the collision frequency (cycles 

per second) for these three pressure regimes is expected to be 10, 10 , 

and 10  , respectively, and that the condition when the microwave is 

attenuated in the shortest path in the guide (highest pressure) corre- 

sponds to having the radio frequency be essentially equal to the colli- 

sion frequency; this is the condition predicted by simple plasma theory 

for most efficient coupling of energy from the RF into the plasma.  Since 

higher electron density corresponds to higher intensity of light emitted 

by the plasma, visual observation indicates that the extrapolations in 

Fig. 40 (dashed lines) for the first 3 millimeters should show a very 

steep gradient and high density levels in this short length.  The plasma 

at the lower pressures appeared visually much more diffuse as pressure 

was reduced, just as might, be expected generally from the data of fig. 40. 

From these observations, one deduces that in the waveguide discharge, 

where the growth of the plasma is allowed in only one dimension (longi- 

tudinally) and the energy must propagate directly through that dimension, 

the energy is dissipated in a much shorter distance at the higher pres- 

sures; at lower pressures, the wave was attenuated less per unit distance 

and remained strong enough to sustain a disrharge at greater distances 

into the evacuated section. 
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The measurement of power reflected toward the generator, and 

of that received beyond the evacuated test section of the guide, allowed 

an approximate check on the probe measurements of ion density levels. 

Figure 41 presents this information as a function of pressure, showing 

(a) the reflection losses from the incident wave as measured by the VSWH 

on the generator side, (b) the total transmission losses as measured by 

a crystal detector before and after breakdown, and (c) the absorption 

losses calculated as the difference between the other two curves.  These 

data were taken with a constant input power setting (25 kw peak) while 

varying the pressure.  It is noted that the total absorption, as opposed 

to the intensive attenuation coefficient, decreases as pressure is in- 

creased, which can only be explained by the greater extent of the plasma 

at löwer pressures.  Figure 42 shows a typical oscillograph of the re- 

ceived signal beyond the test section, with time from right to left.  The 

pulse transmits for the first 0.7 microsecond (from Event 1 to Event 2) 
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with losses due only to slight reflection from the dielectric block; at 

Event 2, breakdown occurs, and the difference between the succeeding low 

level and the original level represents the total losses due to the test 

section with plasma.  These losses could not be estimated below 1 mm lig 

of pressure because the attenuated portion of the pulse was below the 

noise level of the measuring system.  The other four oscillographs in 

rig. 42 show the measured probe current with different bias voltages, on 

the same time scale.  The electron current spikes at the end of the 

pulses (Event 3) are understood in light of Eq. (21); the temperature 

decrease after the excitation is ended is more rapid than the decay of 

the electron density itself, hence the net effect is to increase i 

until the density decay becomes predominant.  These measurements can be 

translated into an average electron density for that part of the plasma 

with electron density greater than about 5 x 10, i.e.,    that plasma 

which radically affects the A'-band propagation; the approximate extent 

of plasma of density exceeding 5 x 10   can be estimated by either visual 

observation of the optically active plasma or by the shape of the pro- 

files of Fig. 40.  Assuming a homogeneous discharge of this extent, the 

average electron density, which could be computed only between 0.88 and 

8 mm Hg, increased with pressure from 10   to 4 x 10   electrons/cc 

between these two limits of pressure.  From these densities, it appears 

that the propagation characteristics of the discharge are largely deter- 

mined in the pressure regime noted by the first 3 mm of guide length. 

The extrapolations of the curves in fig. 40 are thus supported by the 

evidence presented here. 

The reflection losses measured in the lowest pressure regime 

are unexpectedly low in light of the low ratio of collision frequency to 

radio frequency and of higher-than-crit ical electron densities indicated 

by the ion profile; the ordinary theory of weakly ionized plasmas pre- 

dicts reflection losses 10 db greater for this low-collision case than 

for the other conditions.  However, it is suspected that this result is 

explained on the basis that the more diffuse plasma in the low density 

regime does not present a discrete enough discontinuity for reflection 

losses this great to occur. 

E.  FREE-SPACE BREAKDOWN EXPERIMENT 

Once the use of ion probes in measuring the waveguide discharge 

densities appeared successful, a probe was arranged for investigating 
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the Iree-space iype oi discharge discussed in Section 111.  In this case, 

the A'-band beam was i'ocussed inside an evacuated belljar, and a probe 

was arranged with a Wilson seal .inch that it could be continuously varied 

in position during observation in a given plain- through the discharge. 

It was hoped by this means to measure a profile of the electron density 

from regions where no optical activity was obvious all the way to the 

centers of the "spots."  An additional sensor employed in this experiment 

was a phot omultipiier unit for comparing probe, receiving antenna, and 

light output on both a temporal and quantitative basis. 

The probe measurements in the belljar were found to be less satis- 

factory than those in the waveguide; it was visually apparent that as 

the continuously variable position of the probe was changed, the optically 

emitting spots were significantly altered in location, and at times, in 

size.  It was found that no probe current was detectable at maximum 

sensitivity anywhere outside these active "spots. "  Thus vaiid spatial 

profiles were not possible with this technique; the more satisfactory 

results in the waveguide measurements were probably due to a close re- 

lationship between the walls of the guide and the fields in the interior, 

making the fields more stable spatially when the probe was introduced 

into the discharge. 

However, some important observations were made using the probe at 

the center of a discharge spot.  Although the level of the ion densities 

at this position seemed relatively insensitive to changes in power once 

breakdown occurred, the excellent pulse shape available in recent work 

has made it possible to determine that the response time associated with 

the probe current rise, once electrons and ions are made available was 

no greater than about 10 nanoseconds.  Figure 43 demonstrates this effect 

and shows typical ion and electron current during a one-microsecond 

pulse; note that at the onset of breakdown, which corresponds to the 

break in trace (b), both probe current traces indicate a rapid rise to 

their essentially steady values during the remainder of the pulse.  In 

contrast to the waveguide discharge where the radio frequency was con- 

strained to pass through the discharge, the ion density in the center 

did not exceed 5 * 10   ions/cc, and varied by less than a factor of 

two per decade of pressure variation. 
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K CONCLUSIONS 

Langmuir grobes biased to collect ion current from a plasma were 

found to give credible results in all the experiments performed.  Ihe 

electron current measurement scheme, while apparently successful in the 

dc discharge experiment, where a considerable drift velocity exists, was 

not adequate in the Br' discharge measurements; the cause is apparently 

the depletion of electrons in the vicinity of the probe as large cur- 

rents are drained, and thus the quantity to be measured is disturbed. 

These measuremer;ts also supported the hypothesis that once break- 

down occurs, a threshold electron density in the discharge, somewhat 

greater than critical for the frequency, is supported by the wave; if 

the wave is allowed to propagate around   the region of the discharge, 

only this density will be maintained and the significant effect of 

higher power is to enlarge the plasma.  If, on the other hand, the wave 

must propagate through   the discharge, as in the waveguide experiment, 

greater ion densities are supported in the discharge nearest the trans- 

mitter, and the variations in density are essentially one-dimensional. 

In each case, reduction of pressures below 9-10 mm Hg produced more 

diffuse plasmas, although the waveguide experiment showed greater sensi- 

tivity to pressure variation.  The spatial growth of the plasma at low 

pressures in the waveguide case more than compensated for the reduced 

maximum density to cause greater attenuation of the transmitted wave. 
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VI MEASUREMENT OF THE IOM/ATI ON KATE 

One ot the fundamental parameters needed for estimating breakdown 

power levels is the ionization rate (the number of ionizations per 

second per electron).  In this section we discuss a technique for 

measuring this parameter that grew out of previous work in determining 

the breakdown levels of air in an unbounded medium. 

The rate of change of electron density with time may be written as 

3n 

B7 <". v   )n   + V2(i)n) (38) 

where 

n  is the electron density 

v .   is the ionization rate 

V     is the attachment rate 
i 

D     is the diffusion rate. 

By a proper choice of parameters, the diffusion term of Eq. (38) can 

be made negligible compared to [v.   ~  v   )n.      Such a choice of parameters 

would involve picking a pulse width so short that, while the pulse 

was on, electrons could not diffuse out of the high field region.  If 

the high field region is characterized by a length A, the condition for 

negligible diffusion is A >  VHT.      For short pulses, high pressures, and 

large regions of uniform field strength, this condition may be satisfied. 

Under these conditions, Eq. (38) may be integrated to give the electron 

density after a time T, as follows: 

(v .-vjT 
(39) 

This equation may be solved for the ionization rate: 

v      + (40) 
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Tims the ionization rate may be determined from a knowledge of the ratio 

of final to initial electron density, the pulse width, and the attachment 

rate (for attaching gases).  The ratio n./"(, is usually of the order 

of 10 , although this value may he in error by orders of magnitude 

without grossly affecting the calculated ionization rate.  The pulse 

width can be measured directly on an oscilloscope.  These two parameters 

are sufficient to determine the ionization rate for non- a11aching gases. 

For attaching gases where the attachment coefficient is comparable to 

the value of ln(n./n)/T,    the attachment rate must be known in order 

to determine the ionization rate.  However, by choosing T   sufficiently 

small, the contribution of the attachment rate may be made small 

enough to be neglected.  Actually, since the breakdown equation is 

written with a term involving (v   ~   v   ), this is the parameter of real 

interest.  This parameter is given simply as 

(v  - v\ 

In 

(41) 

The ionization rate is a function not only of the rtns value of the 

electric field but also of the frequency of the applied RF field and 

of the collision frequency.  Gould and Roberts  have shown that the 

parameter (v.   ~ V   )/'p is a function of E  /p    [E     = E/v]   + (cojv   ) ]; p is 

pressure in mm Hg.  This scaling relation has been verified at Stanford 

Research Institute during breakdown studies on waveguides and antennas. 

In view of the scaling relations, the most useful presentation of the 

ionization rate would be to determine (v.   -   v   )/p   as a function of 

E   /p   for different gases of interest.  Normalized with respect to 

pressure, Eq. (41) may be rewritten 

((• 
In 

(42 

The value of {v.   -  v   )/p   as a function of E   /p   may then be determined 

in the following manner.  At a particular pressure and pulse width, the 

value of the electric field required for breakdown is determined. 
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Assuming n./n,   =   10  and inserting the values of pressure and pulse 
°   o   U 

width into Eq. (42), determine {v.   ~  v   )/p.      From the measured value 

of the electric field required for breakdown and a knowledge of the 

applied radio frequency and collision frequency, determine E   /p.      This 

may be repeated over a range of pressures yielding a different value 

of (v .   -   v   )/p   and K /p   at each pressure.  This process has been carried 

out for air using the focused X-band system described Jn Section III. 

In this system, a 3-db spot size about 5 cm in diameter and a pulse 

width of about 3 microseconds was used.  Pressures in the. range of 

1 to 10 mm Hg were used.  Fresh gas was bled in and pumped out contin- 

uously.  A collision frequency of 5.3 x 10 p   was used.  This is a 

commonly used value and was verified within ±20 percent in these experi- 

ments.  The results are sliown in Fig. 44, along with other determinations 

of (V. - va)/p. 

The data from Brown's work were determined from CW measurements per- 

formed inside cavities that approximated paralie 1-pi ate breakdown. 

Under these conditions, Eq. (38) may be solved for {v .   ~  v   )   as 

(v .   ~ 
D 

A2 
(43) 

where A is the diffusion length, and is equal to L/rr   for para 1lei - pi ate 

spacing L. 

Normalized with respect to pressure, Eq. (43) may be rewritten as 

Dp 

(PA)2 
(44) 

Thus (y .   -  v   )/p   may be determined as follows.  At a given pressure the 

breakdown electric field strength is measured, A is calculated from the 

geometry, p   is measured, and D   is assumed to be known.  This is enough 

to calculate (v.   ~  v   )/p.^    E   jp   is calculated as indicated previously. 

The largest unknown in this technique is D.      Since the pulse technique 

is independent of D,    the two methods provide independent measurements 

of (v .   ~   v   )/p.      Further, the value of D  may be determined by comparing 

the results from the two measurements and finding what value of D   will 
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produce the same value of (v .   ~  V   )/p   for the same value of E  /p.      The 

close agreement between the two methods, as illustrated in Fig. 44, 

shows that the value of D  used in the CW method was accurate. 

A third curve is shown in Fig. 44 which has been calculated from dc 

data on Townsend first coefficients and drift velocity as a function of 

E     /p.      Since E  /p   is supposed to be equivalent to the dc parameter 

E,   jp,    the two have been used interchangeably in plotting Fig. 44 so 

that the abscissa is E   /p   for the KF measurements and E,   /p   for the 

dc measurements.  The parameter (v.   ~   v   )/p   was calculated from dc data 
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(v. - v)/p (a/p  - B/p)v (45) 

a/p is the first Townsend coefficient in ionizations per cm/ram Hg 

B/p   is the attachment coefficient in attachments per cm/mm Hg 

v        is the drift velocity in cm/sec. 

Ihe values of drift velocity that have been measured do not extend to 

C()(;/p values beyond about 20 volts/cm/mm Hg.  The values have been 

straight-line extrapolated to higher values to give the results shown 

in Fig. 44.  Over-all, the agreement among the three methods of 

determining (v.   -  v   )/p   is quite good. 

Similar neasurements have been made for nitrogen using the same 

collision frequency.  The results are shown in Fig. 45, and are compared 

to two different curves computed from data of Masch and of Harrison. 

Once again the drift velocity data had to be extrapolated to the higher 

values of E/p.      The agreement is not as good as for air, although even 

between Masch and Harrison the agreement is not very good.  Harrison 

has used very pure nitrogen while Masch used mercury-contaminated 

nitrogen.  Presumably this is responsible for the large differences at 

the lower values of E/p.      At higher values of E/p   they tend to agree. 

Our data fall between the two.  The nitrogen we used was not as pure 

as Harri son's,since we used commercial nitrogen directly out of the 

bottle without any further purification.  Furthermore, the chamber in 

which our measurements were made may have contained residues of many 

different gases.  However, since the discharge was produced far from 

any walls, and new gas was continually being bled into the chamber, 

the results should not be greatly in error.  The main purpose of these 

measurements was to demonstrate the technique and obtaining useful data 

was only secondary.  The agreement shown for air and nitrogen clearly 

demonstrates the usefulness of the technique for measuring ionization 

rales. 

When the collision frequency at breakdown is not known, this tech- 

nique may be extended to determine it.  Referring to Eq. (42), we see 

that, for a given value of pr   a particular value of (v .   -  v   )/p,    and 
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hence   k   / p,    will   be   required   for   breakdown.      So   long   as   the   product 

remains   constant,    E   /p   will    remain   constant.      If   breakdown   fields   are 

measured   at   two   different   pressures   and   two   different   pulse   widths 

such   that   p'T   is   a   constant,    then 

Cl(E/p)l     =     C2(E/P)2     =     EJp (46) 

where the subscripts!, and 2 refer to the different pressures at which the 

measurements are made.  Ihe coefficients (.'  are parameters that relate 
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the rms electric field to the effective value of the field at each 

pressure.  Thus 

/ 
Up 

It has been assumed that the collision frequency may be written as a 

constant times the pressure.  The value of this constant for air is 

5.3 x 10 , as determined from liould and Hoberts.2  There is a single 

value of K   that will satisfy Eq. (46).  Thus by solving Kq. (46) the 

collision frequency at breakdown may be determined.  The resulting 

expression for K,    in terms of the measured parameters, is 

K     =    
P, 

P   /P     -   *\ 
2/     1 

(PJP,)2   ~   PJP. 
(47) 

»here 

P      is the pressure 

P     is the power required for breakdown. 

The accuracy with which the power must be measured increases as p. 

decreases. Thus measurements should be made at as high a value of 

/>  as is possible. 

Although the high-power A'-band pulser has only one pulse width 

available (~3 microseconds), it was possible to check out the foregoing 

theory in the following manner.  At pressure p   the power was increased 

unti1 breakdown occurred at 3 microseconds.  This gave a value for P   . 

Next, the pressure was increased by approximately a factor of two and 

the power was increased until a discharge occurred 1.5 microseconds 

after the start of the pulse.  Thus, the equivalent of a 1.5 and a 

3-microsecond pulse was available.  This technique gave values of k 

within about 20 percent of the assumed value (5.3 x 109).  Since the 

pulse shape out of the high-power pulser does not have a very flat top, 

this technique for getting different pulse widths is only good for 

approximate ausweis.   I he value of 20 percent is quite reasonable. 
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Another means of estimating the collision frequency is to use the 

idea tlial the minimum power to produce breakdown occurs approximately 

when the collision frequency is equal to the HF radian frequency.  Shifts 

in the pressure at which the minimum occurs would be indicative of dif- 

ferent collision frequencies.  Thus, the collision frequency of oxygen 

is about 0.7 the collision frequency of air, since the minimum for oxygen 

occurs at about 1,4 times the pressure of the minimum for air.  Data on 

the probability of collision for air and oxygen also show that the col- 

lision frequency for oxygen is less than that for air, although it is 

difficult to obtain a quantitative value without going through a detailed 

calculation including the energy distribution of electrons. 

Using a collision frequency for oxygen of 3.7 x 10 p, the ionization 

data of Fig. 46 were obtained.  The agreement with dc data is quite good. 

Measurements have been made in argon, both because of the large 

pressure range possible using this easily broken-down gas and because a 

lower-power pulser with multiple pulse widths could be used.  Using the 

multiple-pulse-width technique a collision frequency of 4.1 x 109p was 

measured.  Judging from the shift in the minimum pressure, the collision 

frequency was 2.7 x 109p.  Using the collision frequency measured from 

the multiple-pulse-width.method, the ionization rates shown in Fig. 47 

were calculated.  Results are shown for the high-power pulser operating 

at 8.5 Gc, with a 3-microsecond pulse and for a low-power pulser 

operating at 9.4 Gc with a 2.2-microsecond pulse.  The complete 

calibration procedure for determining the electric field strength at the 

focal point in terms of the input power was applied for both frequencies. 

The agreement between the ionization rate data is quite good.  Also 

included in Fig. 47 are ionization rates calculated from dc data.  The 

drift velocity was extrapolated by a large factor in order to calculate 

the curve shown. 

Tt may be concluded from the above discussion that the use of pulsed 

breakdown levels to determine the ionization rate and collision frequency 

at breakdown is entirely feasible.  It provides an independent method of 

determining these parameters that does not depend upon any knowledge of 

diffusion coefficients or diffusion lengths, as long as these are made 

small.  liy using a focused system, the effects of impurities in the 

walls, and of secondary mechanisms occurring there, may be eliminated. 
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VII SUMMARY AND CONCLUSIONS 

Recently, systems have lieen proposed for transmitting large amounts 

oF microwave power from ground to high altitudes.  Because oF the large 

powers contemplated, the region where significant ionization will occur 

must also be large and, as a result, diffusion losses will he negligible. 

In this report, theoretical models have been developed for determining 

breakdown power levels in the absence of surfaces, with the size of 

the region arbitrary.  Predictions based on these models agree within 

1 to 2 db with the laboratory experiments described in this report. 

While the measurements reported pertain to pulsed BF energy, they can 

be extrapolated to include continuous-wave operation.  For CW operation, 

the required power density in watts/cm  is given by 

2,0'P 2r,2 1  + \vl   . (48) 

120^ 

where p is in mm Hg.  This relationship is plotted in Fig. 48 for four 

different frequencies; as can be seen, the power levels shown in the 

figure are rather easily exceeded with present-day microwave technology. 

The power density obtained at a range R     on-axis of a beam focused at 

a distance great compared with the aperture dimensions is given by 

' 

P(fl') (49) 

/•(«') 
,1   1 \ 

1.89 — + — For    Ci re u1 ni 
Aperture 

(50) 

w h e r e   0   and  .S   are   1' r e s n e 1    integrals   and 

M     =     l,2/2\n 

H      -      altitude   of   focus 

llitrolil   S.   Hothman,   unpuli 1 i shed   memorunrlum. 
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CONTROLLED BREAKDOWN AS A FUNCTION 
OF PRESSURE 

83 



K     -     wavelength 

L      =  aperture length or diameter 

t  = /x(K-R')/K' 

It is assumed in these equations that the antenna beam is aimed 

vertically, making slant range arid altitude identical; the aperture 

distributions used are uniform and cosinusoidal , respectively, 

liquation (49) is plotted in Fig. 49 as a function of the parameter t 

for various values of JJ.;    the variation of power density as a function 

of {H-lt')/H   is plotted in Fig. 50 for a focused power of 10  watts/cm 

at altitudes above 120,000 feet, 182,000 feet, and 197,000 feet, for 

L   equal to 1,000 feet, 2,000 feet, and 5,000 feet, respectively.  That 

these power values will be altered very little by variations of 

atmospheric constituency has been predicted by Krnll.'14 

With voltage breakdown always occurring below the focal point, it 

appears questionable that any significant power can be transmitted 

beyond these altitudes, since the presence of the plasma produces both 

distortion of the phase front and attenuation of the signal, as demon- 

strated in the experiments described in Section IV of this report. 

Measurements with a receiving antenna used as an HF probe showed that 

the received power per unit of input power always decreases as power is 

increased after breakdown. 

Three experiments performed using high-reso lution Langmuir probes 

determined that positive ion collection is a more valid method for 

determining plasma densities than the electron current scheme; however, 

the electron temperatures of 3-7 ev measured by the slope of the 

characteristic i- V curve appeal reliable.  The densities measured in 

the 111' discharges indicated that when there is space available, the 

ill' beam spreads transversely around the discharge as power is increased, 

such that the centra] maximum electron densities did not exceed 

approximately 4 times the critical value for the frequency used.  On 

the other baud, in a section of waveguide, in which the microwave was 

constrained to propagate through   the discharge, the measured electron 

densities usually exceeded 10 times the critical values for "free" 

propagation.  Plasmas in both HI' experiments were observed becoming more 

diffuse as pressure was reduced, but, the total attenuation was increased 

because of the greater extent of the discharge region.  Power transmission 

Hi 



FIG. 49    RATiO OF POWER DENSITY AT A SPECIFIED 
ALTITUDE TO THE POWER DENSITY AT 
FOCAL POINT AS A FUNCTION OF THE 
NORMALIZING PARAMETER t 

fir. 



FIG. 50    RATIO OF POWER DENSITY AT A SPECIFIED 
ALTITUDE TO THE   POWER DENSITY AT THE 
FOCAL POINT AS A FUNCTION OF THE 
NORMALIZED DISTANCE FROM THE FOCAL 
POINT 

(16 



iind rellection measurements I ti tin' closed waveguide system confirmed 

that Liu- measured electron densil ies were in tin- range inferred from 

tlie |>robe measurements. 

As a result ol tlie satisfactory performance obtained here with the 

use ol positive ion probes, additional experiments have been performed 

in an electromagnetic shock tube on Contract SU-103 under AliPA Order 

1281-62.  Again, simultaneous microwave transmission measurements across 

I lie plasma served to confirm the validity of this technique, which is 

now contemplated for use on hi jrh-altitude and re-entry research bodies. 
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