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The behavior of a 'cylindrical field emission diode (radial potential
~200kV) was studied in the presence of an externally applied axial magnetic
field B S 16kG. Observations made of the space-charge limited electron

current (~50kA) compare favorably with theory which takes into account the

. presence of both the external axial magnetic field and the azimuthal self-

magnetic field generated by current flow in the cathode. At magnetic
fields exceeding the critical field necessary for cutoff, small but not
insignificant current flows persist. The associated microwave emission
suggests that this residual current is being driven by an as yet unidenti-
fied high frequency instability. Time-resolved measurements of the diode
current and voltage lead to a determination of the expansion velocity of
the cathode and anode plasmas. It was found that an external magnetic

field of ~5kG suffices to stop plasma motion. This is in agreement with

- magnetohydrodynamic computations for a hydrogen plasma having an initial

temperature of a few eV. Spectroscopic measurements of the diode plasma
have shown that hydrogen is indeed the dominant ion species. Stark
broadening of the spectral lines yields their number density.

'Full details of th.is work will be found in the accompanying App'endix.

The studies have also been reported at the following scientific meetings.

Title: Electron and Plasma Flow in a Relativistic Diode Subjected to a

Crossed Magnetic Field:

.Author:‘ G. Bekefi and T J. Orzechowski
Albuquerque, New Mexico, November 3-5, 1975




Title: Microwave and Optical Diagnostics of a Relativistic Electron

Beam_ Dio de_

Author: T. J. Orzechowski and G. Bekefi
St. Petersburg, Fla. November 10-14, 1975

A paper entitled "Current Flow in a High-Voltage Diode Subjected to
a Crossed Magnetic Field" by T. J. Orzechowski and G. Bekefi will
appear in the January issue of the Physics of Fluids.

Professor G. Bekefi has devoted about 5% of his time to the program
and will continue at this level until May 31, 1976. He intends to increase
his commitment to 10% beginning June 1, 1976.

_ Dr. T. J. Orzechowski finished his Ph. D. thesis entitled " Magnetic
Suppression of Intense Relativistic Electrovn Beams." On September 1, 1975
. he was appointed to a Research Staff position in our research group. Since
graduation he has been devoting 50% of his time to this contract, and will
continue at this level.

Mr. John J. McCarthy has been devoting 20% of his time to this project
through 12/31/75. As of 1/1/76 he increased his effort to 30% and will
continue at a 30% level until May 31, 1976. From June 1, 1976 he will keep

his commitment at 30% level.
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I.  INTRODUCTION
“A transverse magnefic field acting on a vacuum, fieldremission diode
can nlay one of several roles. It can bend afound the paths of the Beam
electrons and, at sufficiently large field strengths, it can prevent‘thé

electrons from reaching the anode. Such "magnetic insulation"1*2+3 is

"iJEilized to inhibit electrical breakdown in high voltage diodes and

. assoclated transmission lines;a’5 it can also be used to prevent electron

flow in certain types of ion diodes.6’7 Secondly, the transverse magnetic
fields self-generated by the infénse current flows in the diode gap 1itself
can result in large EXE forces and thus to pinching of the electron beam,‘
‘ 8,9,10

a technique which is being exploited to achieve beam focussing. And

thirdly, a transverse magnetic field may slow downlo’11

the motion of
cathode and anode generated plasmas which, if left to themselves, moVeA
rapidly anross the diode.gap cansing an undesirable electricalishorting of
the system (i.e. diode closure).

In this paper we examine eiectron‘and plasma'motions in a cylindrical
diode under conditionsAwhere beam pinching does not occur, and where the

external magnetic. field is provided by a solenoid. We will show that

observations of the space-charge limited electron current compare favorably

with theory which takes into account the presence of both the external

axial magnetic field and the azimuthal "self-magnetic field" generated by

" the longitudinal current flow in the cathode. At.magnetic fields»excéeding

the critical field necessary for cutoff, small but not insignificant cur-
rents persist. The associated microwave emission suggests that this resid-
ual current is being driven by an as yet unidentified instability, Finally,

time-resolved measurements of the diode current and voltage lead to a deter-
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minatioq of the expansion ?elocity of the cathode aﬁo anode>plasmas. It
_1s foond ﬁhat an external magnetio field of ~5kG suffices to stop olasma‘
motion. Iﬁis.is in agreemeot wito magnetohydrodynamic computations for
a hydrogen plasma having an initial temperature of a fé& eV. Spéctro—’
scopic measurements of the diode plasmo show that Hydrogen {s indeed the
dominant ion épeoies. Stark broadening of the spectral lines'yiélds

their number density.

‘ II; THE - EXPERIMENTAL ARﬁANCEMENT
The ‘diode |
A schemaﬁic of the cylindrical vécuum diode is illustrated in Fig.
la. ‘The outer stainless steel anode is a cylinder 4.44 cm in diameter
‘and 4.0 cm long. It is polished and,hés rounded edges to minimize local
field enhancement and arcing. The inner coaxial cathode is machined froﬁA

T'M']. A number of cathodes

dense; fine—graioed graphite.[POCO Graphite
“with diameteré varying.between'3.36 cm to 3.98>cm is used, thus providing
diodes having gaps with spacings do rangiog from 2.3 mm to 5;4 mm. The
cathode is connected via a stainless steel shank to the inner conductor

of the water filled coaxial capaoitor which sorvés as the transmission
line of the 4 ohm Nereus high voltage'facility [maximum-voltage ~600,‘kV].
The anodo.is connected via a current viewing probe to the outer, grounoed

wall of the capacitor. The systém is continuously pumped by means of a

4 inch metal diffusion pump to pressures better than 3><10_5 Torr.

The axial magnetic field B .

The axial magnetic field Bz acting on the diode is generated in .a .



solenoid eneréized Sy a capacitor bank whose rise time is approximately

2 msec. The discbarging of this bank is timed in such a way that Bz
reaches'its peak value whén Neréusifires. Thus, the magnetic field is
virtually constant in time over the duration of fhe ~40 nsec voltage

" pulse applied acrosé thé diode.' The ;Hin-wélled, stainless_steel con-'
struction'of the diode ensures good penetration of the pulsed maénetic
field into the diode interiér. A mégnetic field as high as 16 kG can be
generated; its strength is controlled by the charging voltage 6n the
capacifor bank. The solenoid cqrfent is monitored by means of alpreci—
sion currentﬁrobe. The system is initially calibrated by passing a known
dc current through it and simultaﬁeodsly méasuring with a Hall gauss
meter the magnetic field in the diode gap. 1In this way a determination

of Bz to an accuracy of better than ~2 percent is achieved.:

The azimuthal magnetic field B,
E v}

Eveh when the externally applied magnetic field Bz is zero, there is

an azimuthal self-field B, in the gap genefated by the axial "feed" cur-

0
rén? Iz(z) fiowing_along the cathode and'catque shank; At the far end
of the cathode (call this z = L),_IZ(L) is zero.and"Fﬁerefore Be(t) is
zero or very small. However, as one abproaches the shank [see Fig. 1],
Iz(z) incgeasés and the associated magﬁeticvfield Be is expected to come
close to B6 = uoI/ZHr,,a‘value one obtains for current flow in an infi-
- nitely long cylinder. In view of the fairly complicated geometry caused
by tﬁe discontinuiey at the cathoae-éhank connection (z = 0), we found ifl

advisable to verify the aforementioned expectations experimentally. We

proceeded as follows. We filled the cathode-anode gap with an aqueous



solution of copper sulphate and we adjusted the concentration to yield the-
noanal 4Q impedance of the actual dlode We then passed a small de cur-
rent (~4n) through the diode and measured B (z) as a function of z by
means of a small Hall probe; as expected, B (z = L) was very close to
._zero at the far end of the cathode, then ‘rose and reached its peak value
at z * 0 where the shank joins onto the cathode. The value Be(z = 6)-that
was measured there was equal, within experimental acéuracy, to the theo-

- retical value Be = uoI/Zﬂr. The measuremgnts ére illustrated'in Fig. 2.
We expect similar resglts when later Qe shall scale the current_iq}the
mock-up diode to the actual currents (~50 kA) @rawn from the reiativistic

diode.

Measurements of the diode current and voltage

The diode current is measured with a- rapidly responding, low-induc-
tange'current viewing probe [T&M Research‘Prodﬁcts Inc.). shown in Fig. 1,
Its output is displayed on ; fast oscilloscope. The diode Qoltage is
obtained from the signal delivered by a calibrated copper-sulphate volt-
age divider network (not shown) which is housed within £he system, and is .
likewise displayed‘on an oscilloscope. There is an ananted inductive
contribution to this_voltage which is subtracted out by a technique pro-
posed by Swain. Prior to a run, the diéde is physically shorted by in-
sertiné é graphite cylinder into the aiode gap. A signal from a magnetic
(ﬁ) probe locatea in the diode, attenuated and phase shifted, is added -
to the signal from the voltage probé. The attenuation and phase are ad-
justed, until there is zero met signal on the osciiloscope. Then, with

the diode unshorted and in normal operation, the observed signal yields




the true diode voltage [of coufse, no further adjustment must be made in
the setting of the atteﬁuation and phase shift on the B probel.

Typiéal oscilloscope voltage and current traces are illustrated in
Fig. 3 for three different values of applied magnetic field; they are.
;haracteristic of the kind of results that are obtained for other inter-
"'mediate values of magnetic field used [in a given run, 1t was not.uncom—
mon to make measurements.in'steps 300 gauss or less]. The sharp spike
shown dashed in the voltage trace represents electrical breakdown of the
prepulse switch which_is in . series with the diode. We use this spike as
a convenient fiducial time marker. The same time marker (also shown
dashed), but delayed by 71 nsec.is seeﬁ in each of ;he current traces.

To display it, we split off part of the diode voltage signal, delay it
in time and superpose it on the current trace. This enables us to de-
"termine accurately the current I(t) and the cbfresponding voltage V(t)
at the same instant of time“t. .The errér in the relative timing of the
currents and voltages does not exceed 3 nsec.

There are two important advaﬁtages to the cylindrical diode geometry
used in 6ur-experiménts. The first is that in this geometry any diamag-
netic current (i.e. aximuthal current) céused by (Exﬁ)e = GErBz d?;fts
can flow freely. 1In this wéy the undesirable space charge gradients
caused,ﬁ& charge accumulatidn foﬁnd in the case of plaqar diodes are
avoided.6 In the latter, chapge accumulétion at the edges of the cathode
‘can result in a buildup of a space charge electric field Es ﬁarallel to
.the suffgce of the cathode. Unless this field is shorted out by a suf-
ficiently high conductivity of the cathode (or the cathode plasma cover-

ing it), an undesirable ﬁ;xg'drift of electrons towards the anode will
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take place. 1Indeed, the difficulty of achieving gocd magnétic insulation

in planar geometry‘(private communication by R. N. Sudan) .is blamed on

'precisely this drift. Secondly, the radially flowing electron current

——

has no self-magnetic field associated with it. Therefore, there is no
- beam pinching of theé kind found in many planar diodes. To be sure,

~ there is an azimuthal magnetic field B

6 within the diode gap (see above)
generated by the axial "feed" current Iz flowing in the cathode cylinder

and in the cylindriéal shank to which it is connected. The role played
by this 'self-field" will be discussed later.

" The anode shield '

Careful coaxial alignment of the cathode and anode is mandatdfy for
.satisfactory,and reproducible operation of the diode. This is achieved
by inéérting into the gap an accurately machined spacer equal in size to
the gap width, and then centering the diode. Subsequently, the spacer

is' removed and tﬁe system is pumpea out. During a run, the alignment is
checked visually by viéwing the gap through the mﬂystyrenelwindow showﬁ

in Fig. 1. Despite all care taken; slight misalignments are unavoidable;
and.their effect can be quite pronounced.

For example, a slight tilt of
the cathode axis relative to the anode axis causes. an appreciable com-
|

ponent of the diode electric field to bé collinear with B. The electrons

are then accelerated in the axial direcﬁion, an effect similar to that
' 12,13
obtained in a magnetron injection gun.

Electrons tfaveling along B
would normally be collected by the current viewing probe, and their cur-

rent would be indistinguishable from the radially flowing current. Even

if the alignment could be made perfect, electron flow in the z direction



'may well take place as a result EXB drifts. The field B, crossed with.

0

the,;adial electric field E induces elechon motion along the positlve
z direetien, towards the plexiglass window shown in Fig. 1. To ensure .
that none of these'eurrents are received by‘the current viewing probe,
an anode'shield was constructed to protect-éhe probe from the unwanted
signal. The shield is illustrated schematically in Fig. la and in uore
detail in Fig. 1b. Thus, while the axial currents are allowed to flow
freely, they pass directly to ground and are therefore not detected by
the current measuring equipment. We note that their magnitudes are

t&pically 10 percent of the total diode current.

III. ELECTRON fLOW ’

Results for the three magnetic fields shown in Fig. 3 represent in-
teresting regimes of_diode operation. At zero external magnetic field
(the first-set of traces), a current of epproximately 46 kA_is dravn;
the corresponding.voltege is approximately 180 kV. The diede has an

impedance of 3.9 ohm and is well matched to the nominal 4 ohm impedance

~ of the Nereus fac1lity The current pulse has a long tail suggesting

that signifxcant current flows even though the voltage has fallen con-
siderably below its peak value. This is indicative of diode closure

caused by moving'plasma, a- phenomenon that will be discussed in Sectlon

Iv.

AAtga'magnetic field of 5810 C‘(the second'set of traces) the diode

~is quite. strongly mismatched to the transmission line; the diode voltage

has risen, the current has fallen, and the impedance at peak current is
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approximately 11 ohms. The fall in current has ‘to do with thé dynamics
of the electron motion in the diode gap. The electron paths no longer
follow straight lines directed radially outward, but curve in the magnet-
ic field. As a result, the electroné lose some of their forward (radial)

>‘;moméntum and the space charge density near éhe anode increases. The con-
sequence is alreduped electron current.

Thé mégnetic field stréngth of ~5800 G is not quite large enough to
completely stop the electron flow. Cutoff occurs at a siighfly higher
magnetic field Bz = B* corresponding to-the case for which Fhe electron

A ofbit just grazes the anode plane.. This occurs when (appfoximately) the
Larmor radius equalé to the cathode-anode gap width. In the case.of a

*uniform transverse magnetic field one finds that14f15’16’17 the critical value

. *
of B necessary for cutoff is, in MKS units, given by

« MmC ‘ 291/2 ‘
B = eg [[ ?eg] + { eVZJ J Webers/m2 @9)
e |'mc m.c .

"where V is the diode voltage and de is the effective anode-cathode gap

spacing. In planar geometry, de equals the physical gap width, but in

cylindrical geometry it is defined as

, d = (R? - £2)/2R
P - e

_ R (2)

= d [1 - (@ /2D)] ; @, =R-1)

“where R(>r) is the radius of the outer anode and r ié the radius of the
inner cathode [note ﬁhat if the cathode 1s the larger of the two cylin-

_ ders having radius R, one then findsl7.£hat in ﬁlace of Eq. (2), d_ =
(Rz - r2)/2r].

, : %
The last trace of Fig. 3 represents conditions for which B,>> B .
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The current‘shouid be_completely cut off. We obserQe that although it
is.smell,.it'is not zero, a result which will be discussed at greater
length later.

.Details of the current flow in the aferementiohed~reg1mes are con-
veniently'discussed in terms of the perveanee P, defined as the tatio_
I(t)/[V(t)j3/2. VAs we_shall see in Sect. IV, motion of plasma across
the diode makes P time dependent. For the present we avoid the diffi-
eulties of time dependence by defining P at a time t = to during the
pulse when maximum current is drawn from the diode. -One finds that at
this time plasma motion is still so small that the anode—cathode éap is
almost exactly equal to the init1a1 physical separation between conduc-
tors. Figure 4 shows a plot of the perveance P(t ) as a function of the
normalized magnetic fleld B/B , for diodes with different gap widths.

We see that the perveance is virtually independent of magnetic field fo*
B.z << Bx and that magnetic fields begin to manifest themselves ohly when‘
Bz becomes coﬁpatable to or exceeds B*. For that reason it is conveni-

ent to divide our discussion into the following three cases.

‘Case (a): Zero external magnetic field 8 = 0)

Reasonahly good models of the space charge limited flow'in pulsed
relativistic diodes is afforded by_time independent theories. Thus, for
example, in the absence ef a magnetic field one expects the Child-
Langmhir law to hold. For cylindrical geometry; and when relativistic

18
effects are not important, the case of our experiment, one has that™

1 8 '
. 3/2 9 2

= 14.66x10°



where L is the length of the diede, R the radius of the anode and

o= {gn(®R/x) - 0.4 [Ln(R/x) 2 4 sees} (r = R-d) - (4)

with r as the cathode radius. In Table.I is shown a comparison between

the measured perveance at maximm current [P(t )]-and that computed from

Egs. (3) and‘(4). It is seen that for all four gap spacings d, studied

the agreement is better than 10 percent.
The good agreement just mentioned may appear somewhat surprising in

view of the fact that although Bz =0, Be is not. To be sure, Be is

~ zero at the end ef the cathode z = L, but then it rises (see Fig. 2) and

reaches its full value Be = uoI(diode)/Zﬂr near the joint (z = 0) be-

tween cathode and the cathode shank. On scaling the current in the mock-

“up diode discussed in the previous section to the actual current flowing

in the system, one finds, for all gap spacings d, that B (z = Q) equals
within experimental accuracy, B of Eq. (1). Why then do we see no exper-
imental evidencedof the effect of Be oh the perveance P(to)? This is ih
large part due to the fact that Be(z) decreases with increasing 2z aﬁd

thus falls below B* over most of the cathode surface.' Nonetheless, a
partial reduction in current can be expected. That noneiis seen may well
be due to ExB drifts. The field‘B crossed with the radial electrie

0

field E ‘{nduces electrons born near z = 0 to drift along the positive z

- direction towards the far end of the cathode where B is weak and where

0

therefore the electronscan move towards the anode under the action of

the electric field Er' Indeed, there is.experimental evidence indicating

that a large fraction of the electrons do ultimately leave the cathode at

itsAfar end, z = L. Examination of the anode surface after many firings




reveals a veryvpronounced damage pattern in the form of a narrow circular
groove situated at position , = L. The discoloration of the cathode, on
the other hand, shows clear evidence that emission occurred uniformly

over it entire surface. In addition, there is also the possibility of

_space charge accumulation at the cathode end; an axial electric field

‘can be established which when crossed with Be, forces electrons to drift

radially outwards towards the anode.

The fact that B (z = 0) = B* is no fortultous.accident. The point
is that for fixed parameters v, d, etc. one cannot'draw a diode current
greater than that given by B = Be(z = Q) = uél(diode)/an, because as 1
increases, so does Be until the critical magnetic field ‘is reached. In
this 51tuat10n electrons are emitted from the cathode up to distances z
from the end not- exceeding a certain distance L ; but none will be
emitted from reglons beyond z = L where the system self insulated 1t—
self. To obtain an estimate of L one substitutes B from Eq. (1) into
B* = noI/Zﬂr, and then eliminates the current I between’ thls equation and

Eq.f(3); with the result that

- 2 AL 211/
Lc = {2.25 rRo /de}[eV/moc ] {l + [eV/Zmoc I] : | (5)
Since all quantities on the right-hand side of this equation are known

from experiment, L can be found; its values are listed in the last column
cathede

of Table I. It is seen that L comes close to the physical dicde length

L= 1.90 cm. That L = I, (or is even a little larger than L) 4s an in-
dication that emission over the full length of the cathode cylinder took

place. Had it been otherwise, measurements of P would not agree with Eq.

(31). It is also noteworthy that L remains constant for all four gap
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sPacings studied, and th;t thg diode voltage (over wﬁiéh one ﬁas little~
contréi) éppears to adjust itself'so as to make L = Lb’ thus allowing fo;
full electron emission from the entire available surface. Observe‘from .
the.Téble that the diode voltage variés by more fhan a.facfor of two as

. one éoes from ﬁhe smallest to the largést gép; This is so despite the
fact that'theAvoitage on the trénsmission 1ine is maintained the same

throughout the experiments.

Case (b): B < B » _ (

Figure 4 {llustrates that, with increasingvmagnetic field, a well-

" defined cutoff in the curreht is achieved experimenﬁally. fo oStain

. actual valuegof the critical magnetic field, one can extrapolate the

'horizoﬁtal (plateau) part of each curve and the steeply falling part,

and take the intersection of the two curves as the definition of B*,

The last column of Table II tabulates such experimentally determined

values of B* for different gap widths. The fourth column gives the ap-

prdpriate theorétical results; the overall agreement is seen to be good.,
With increasing Bz, éutoff does not set in discontinuously, but

there is a gradual falling off of the diode current as the_critical

magnetic field is approached. This is seen more clearly in Fig. 5 where -

ve plot on a linear scale the normaliied current I/IL.aé a function of

the normalized magnetic field B/B* [IL is the Child-langmuir current

obtained in.the limit B; +-Q]. The solid line of Fig. 5 represeﬁts the -

theoretical_predictionslg’zo’zl

computed for a planar diode subjected to
a uniformiﬁagnetic field oriented parallel to the electrode surfaces.

The physical reason in the computed reduction of 1 with increasing B is



as follows. As B is increased from zero,. the electron paths become curved

and as a result, the electrons lose some of their forward directed veloc—
ity (that is, they lose speed in the direction of the accelerating elec-
tric field). This leads to space-charge accumulation in. the vicinity of .

the anode surface. This additional space charge due to the presence .of

‘B, over and above the familiar "Child-Langmuir" space. charge near the

cathode, causes the current reduction seen in the solid curve of Fig. 5.
It will be noted that the measured current is consistently lower

than the current computed by the above mentioned theory. We believe that

" the observed discrepancy is to a large part due to the presence of the

tgself-magnetic" field B6 generated by'ﬁhelaxial current flowing in the
cathodé. - The incluéion'of Be in a seif;donsisﬁent computation 1s diffi-
ﬁult because of the strong variation this field experiences with distance
z along the cathode (see Fig. 2), and no such computations are presently
available.zz' However, a crude 'back of the envelope" calculatidn may
prpceéd as folloﬁs. For a:given Bz,<and a given diode voléage V there
is a critical.curreﬁt 1 just large enough to generate a Be = uoI/ZHr

‘ 1/2

*
=B . On combining

which satisfies the cutoff condition (Be2 + Bz)

these two relations it follows that
| 1/2

' % B 2
1= 2nrB 1 - [_E} ‘ (6)
G 4 _ .

where r is some radius that lies between the anode and the cathode; for

convenience we shall take it to be the cathode radius. Now, the point

. is that . one cannot draw any more current than the one just computed

since as was already discussed earlier, the axial current increases from

- zero (at z = L), and reaches its maximum value at z = 0. "For z < 0, the
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radiﬂl flow of current is.magnetically self~ineulatcd and thus the longi-
tudinal current remains. fixed at.the value I given by Eq. (6). Use of Eqs.
(1) and (3) allowsone to rewrite the foregoing result in terms of the |
length L of the cathode and the,critical length L defined by Eq. (5).

One then finds that the normalized current is given by

2 1/2
= =

L M

H‘H
[
H
i
p—
wla™

L
where, once aoain, I is the current obtained in the limit as Bz + 0.

It will be recalled that in the absence of the external magnetic
field Bz’ the ratio tc/L is about unity and remains constant for all four
gap spacings do studied [see Table I]. In the presence of Bz’ the
diode voltage changes somewhat and so does Lc' However, in view of the
crude nature of these calculatlons, we may as well neglect this effect
and write that I/I = [1- (B, /B )2]1{2, a result which is plotted in

Flg. 5 by the dashed curve. Allowing for the scatter in the experimenal

’ data, the agreement with the computed curve is judged to.be fair.

%
Case (c): B > B
None of the theories presently’ available permit the existence of
electron flow for values of magnetic field exceedlno the critical field
* K .
B'. Nonetheless Fig. 4 shows clearly the presence of a "hot tail ex-
beyond :
tending/B . Electrons can exist in this forbidden region only if their
energy exceeds the energy eV gained in crossing the gap. How did they

gain this energy which in our experiments amounts to 3 to 6 times eV, or

equivalently»to 600-800 kv? It is suggested that an instability causes




auto;acceleration of a small but by no means negligible fraction of the

primary electrons The nature of the 1nstability is as yet not known.
1t is interesting to note that an apparently s 51milar "hot tail" (but of
much smaller energy) was disc.overed23 more than five decades ago in the
'sofcalled “smooth bore magnetron ' whose geometry was much like that shown
in Fig. 1 above. A number of experimental studies have been reported24 1235
with the view of unraveling the nature 'of the "hot tail" and of the asso-
ciated instabilities occurring in smooth bore magnetrons. Some of the.
existing theories are based on models for unneutralized electron clouds;
others27 claim that under normal working vacuum conditions the electron
: cloud is well neutralized and that,.therefore, the instability is in the
neutral electron-ion plasma. We point out that in the present experiments
where short pulses (<40 nsec) and low base pressures (p & 3><10-5 Torr) are
employed, neutralization {s not likely to occur, and that here therefore
‘the instability is probably associated with unneutralized electrons.

Our studies are concentrated on exploring the microwave spectrum.
Here we report observations made in the X-band range of frequencies. The
experimental arrangement 1is illustrated in Fig. 6. Radiation emitted

from the diode at frequencies between 7 GHz and 12 GHz (the X-band regime)

is received by a microwave horn and then detected by a calibrated crystal

mhose output is connected to a fast oscilloscope. Wwith the horn fixed in
one posxtion (at an axial distance of 15 cm from the polystyrene window)
the microwave output was measured as a function of the axial magnetic
field Bz applied to the diode.. The results are jllustrated in Fig.-7

-. It is seen that there is no evidence of microwave emission for magnetic

field Strengthe below. about 3.5 KG. But, with increasing magnetic field,

26
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and just aslthe current begins to cut. off, the microwave emission rises
steeply and reaches its peak value somewhat beyond the nominal cutoff.
value-B = B* = 6300G. As the nagnetic field 1is inoreesed further, the
emission falls off more gradually. The power levels reached are well
above those that can be derived from single particle emission processess 28
Of these the strongest is cyclotron emission Setting I = 45 kA, V =
200 kV and from a knowledge of the diode dinensions, one obtains an aver-
age electron density N = 6X10 1 —3 and an upper limit of 9X10‘2_hatte
for the single particle cyclotron radlation This is more than three orders
in magnitude smaller than the measured power levels from the cutoff diode,
a fact which impels one to conclude that one is indeed dealing with some
form of collective emission by the electron cloud.

To obtain the radiation spectrum, the signal geceived by the horn 1s
dispersed by passage through 155 meters of dispersive ¥-band waveguide,
and is then detected with a calibrated crystal whose output 1is displayed
on an oseilloscope. The time delay t suffered by the signal relative to
the time (t = 0). of the arrival of the undispersed signal, allows one to
decompose the measutements into the various f;equency components by means

of the familiar waveguilde dispersion fornula

w

c - | | (8)

AL - @/en)?

- Here Qc is the waveguide cutoff frequency and % the length of waveguide.

A typical spectrum is 1llustrated in Fig.AS for the case when the axial \
‘magnetic field Bz equals 8900 G; this corresponds to the situation for

" which the emission {s maximum (see Fig. 7). Two peaké afe observed, one
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at approximately 9.5 CHz and the other at ~11.5 Gllz. When the magnetic
~field.B 1is varied, the signal amplitudes change but the main features
of the spectrum remain largely unaltered That is to say, the frequency
‘of the peaks does not “track' with Bz. This insensitivity to magnetic
field (once B_z enceeds B*) rules out most resonant cyciotron instabili-
‘ties (see for example Ref. 29). In fact there is no obvious, clearly
discernable characteristic mode of ‘oscillation which would fall into the

With cyclotron effects probably ruled out,
frequency ‘regime of the peaks shown in Fig. 8./ the frequency that comes
closest is the electron plasma. frequency wp = VNe /mgo. Setting N'equal
to the average density of 6><1011 cm—3 computed earlier, one obtains that
w /21r = 7 GHz. This suggests that one may have lhere. a form of unstable
Langmuir osc1llations. Since the electron density varies with the
radial position r, so does wp’ which may explain the rather broad feature
:of the observed frequency spectrum.

The angular distribution of the emitted power 1sAdetermined by ro-
tating the receiving horn along an arc of a circle whose origin coincides
with the center of the diode. The arc radius is 40 cm at which distance
the transmitter and receiver are in each others distant (i.e. radiation)
’aones. The measured H-plane radiation pattern is shown 1in Fig. 9;_the
>correspond1ng E~plane pattern is found to be very similar From the radi-
ation pattern and from the known antenna gain of the receiving horn one

calculates that the power emitted by the diode is ~100 watts, a'result

which agrees well with the near field meaSurements shown in Fig. 7.

IV. PLASHMA FLOW

There is circumstantial evidence from the work of several labora-
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tories
the diode gap, and. therefore reduces the speed” at which the diode closes
electrlcally. We shall now demonstrate conc1u51ve1y that such is indeed
.the case. A closing diode is characterized by a time dependent ca;hode~
'auode separation d(t). .We can write this as

ae) = d - I v(t)dt | BN ¢
where d 1s the initial spacing between the metal electrodes, and where
“v(t) is the combined veloc1ty of cathode and anode plasmas 'As the gap
width d(t) decreases with time, the diode perveance P(t) ;ises.- There-
fore a study of the time dependence of P(t) serves as a convenient way
of deriving informetion about v(t), a fact which was first e%ploited by
farker et 5130 for the case of zero external B field.

Figure 10 shows the time history of P(t) for several different
values of applied magnetic field B, The ;esults were obtained from raw
.data like.that shown~in.Fig. 3. The top left-hand diagram illustrates
conditions in the absence of any transverse magnetic field. The rapid
jncrease of perveance with time is indicative of plasma motion. 'This
. motion can be unfolded by inserting Eq. (9) in Eqs. (3) and (4), and de-
manding that the ueasured and theoretical perveances agree at all times.
Figure 11 shows a plot of the velocity v(t) as a function of time thus
deduced Initially, the cathode and anode plasma stands still, It
then begins to accelerate and at 40 nsec into the pulse, it reaches a
velocity of ~16 cm/usec. The velocity v(t) averaged over the entire
duration of the pulse is approximately 6 cm/usec. The fact that the

plasma aceelerates is not unexpected; it is being .continuously heated by

that a transverse magnetic field inhibits plasma motion across



ticle, momentum, and energy conservation equations.

"20"' ;; C .

the diode current I flowing through it. AThe'energy dissipated in Joule

‘ heatlng is then converted into plasma expansion

Figure 10 shows that at B 2390 G the expansion velocity has de-

creased. At Bi= 4410 G the perveance is virtually time independent and

plasma expansion must have ceased altogether. Measurements made at a

magnetic field of 5810 G represent conditions just prior to cutoff (i.e.
B = B*). The remaining two sets of measurements shown in Fig. 10 are in
the cQtOff regime for which B2>> B . Observe that ror %!= 6850 G, there
is an increaseAin'P(t) at late times. This suggests that some nlasme
[nossibly of'high aromic weight] is trying to close tne gap. |

To aid us in the interpretation of the above results, we developed31
a one-dimensional magnetohydrodynamic cbmpurer‘code which gives the space-~
time history of a plane, infinite plasma slab expanding against a uniform,
transverse:magnetic field. The pertinent dynanic'equations are the par-
32,33 If the expansion

is taken along the x-axis and the magnetic field is assumed to be oriented

along the z-axis, the equations take the form

d . .
Cdp _ o Tx 4 : : (10)
dt 7 dx T o
dv . ) :
x4 4 ' : :
Pat T ax Jsz ‘ ‘ o (11)
. 2 . A
dv J : :
3dp .5 _ _xX__¥ dp
2dt T 2P & s tPux (12)

. L .
where g p, J, and 0 are the mass density, pressure, current density, and

plasma conductivity, respectively. The operator d/dt = 3/3t + v 9/3x
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is the usual total time derivative. hmic heating (Jyz/o) and thermal
conduction (Bdp/dx) are allowed for in the energy conservation Eq. (12).
Indeed, since thermalization of electrons and ions to a common tempera-.
ture is often incomplete during the times of interest, we employ two

énergy equations, (but for the sake of brevity we do not show them ex-

‘plicitly): one equation for electrons and one for ions, each of which

contains on the right-hand side appropriate energy equilibration rates.

To complete the foregoing equations, we require the generalized Ohm's law

- Maxwell's eqnations which govern the configuration of the magnetic field

are rnot used. Rather, Bz appearing in ILgs. (11) through (13) is taken to
be the unperturbed; externally applied magnetic fileld. The reason 1is
that for the parameters of interest here, the magnetic Reynolds number

pfoves to be sufficiently small, and the magnetic field diffusion time

sufficiently fast, -that the back-reaction of the plasma on the field can

be safely neglected.- In addition to Jy’ there is the diode current Jx
flowing from anode to cathode. This current can be comparable in magni-
tude with Jy; We have studied itsieffect, but all results given in this
paper are for the case Jx = 0.

The computer program,doeé a Lagrangian calculation of the magnetohy-

".Adrodynamic eqnations described above. The plasma is divided 4into a

fixed number of slabs (40.in all) each containing a fixed mass; no

material is allowed to cross the slab boundaries. ‘Motion of the plasma

- 1s determined by calculating the net force exerted on the boundaries be-

tween slabs. The thermal conduction between two slabs 1is calculated by
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" averaging the transport coefficient in the slabs and allbwiﬁg‘heat to

flow.

Initially, the slabs are all of uniform density and are all at the

same temperature. Also, the electrons and ions are assumed to have the

‘same temperature. At t = O the plasma begins expanding at the expense

of its own energy. During the computatibn, the variables in the system

(N,T,V, etc.) are calculated at each position in the plasma, and'the

boundaries are adjusted to account for the forces exerted on them. After;‘

each cycle, the time is incremented and the calculations are redone. In

this manner, the entire spatial énd temporal evolution of the plasma is
determined. In order to limit the possible déveldpment of steep gradi-
eﬁts.such as shéck waves an artificial viscosity i§ introduced which
smooths out the steepness.34 Qe ﬁote that there is no provision in the
program for instabilities. In particular if the plaéma ;uffers from a
Rayleigh-Taylor grévitational type of 1ﬁsta§i;ity, our one dimensional

computér model may well be too restricted. However, many magnetohydro-

. dynamic instébilities, including the.last named, have growth rates that

are much too slow to have any nq;iceable effect during the ~40 nsec life-
time pf our plasma. |

| The plaéma is assumed to be‘fully ionized, with an initial dénéity35
in the rénge 1017—1019 cm-3>and an initiél temperature in thé range 1-10
eV. Processes such as recoﬁbination, diffusion, and radiation are

neglected since they prove to be negligible on the time scale (~100 nsec)

being considered here. In the program an initial density No and temper-

ature To are inputted into a plasma slab assuméd to be lOp thick. There

.'is no further energy input beyond the initial one of magnitude NOKTO. The
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space—-time deveiopment.N(x,t)'and T(x,t). of the.expanding plasma is then

" observed. In the absence of a magnetic field, the program shows that .

the plasma'expansion'is almost exactly adiabatic in accord with expecta-
tions, that is N(x, t)/T 3/2 (x,t) —‘constant Typically, the plasma front
reaches its terminal velocity in a matter of 1l to 2 nsec, and then contin-

ues expanding'at a constant speed given by
'v::a—‘—g-' 4 ..' . . (lli)

where M is the mass of tpe fon and a is a number whose palue lies between
‘3 and 5 [eee TeBle III]. The density and tempereture of the plasma front
fall with time as N «'t—l, T Oc.t'—2/3; the. electron and ion temperatures
remain equal to one another. [When current with‘deﬁsity Jx'is allowed to
flow, heating followed by plasma acceleration occurs,31 in_accord with
the observations discussed earlier.]

In tpe presence of a transverse.magnetic field the plasma is decel-
erated as a result of theAjkg force acting on it. The development of
the'densityAand temperature is illdstrated’in Figs. 12 and 13, for a hy-
droged plasma in a magnetic field of SAkG,’having an initial density of

1019 cm.-3 and an initial electron and ion temperature of 5 eV. At early

‘ times, when the plasma is dense and hot, it travels unhindered by the

magnetic field. The magnetic field begins tojassert itself at those
times (and in those locations) for which the plasma pressure NK(T + T )
becomes about equal or less than the magnetic pressure B /Zu [1.e.,
when the 'plasma B" becomes less than unity]. The sharp spikes in the
density traces and the correspondlng jumps in. the temperature traces

seen in Figs. 12 and 13 represent, what we believe to be the manifesta-
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tibh of a shock. - tThe shock is not shserved'in hhe absehce of the mag-
.net:ic field.] The details of the shock are illustrated in TFig. 14. )

Flgure 15 shows motion of the plasma front with no magnetic field;
in a 5 kG field, and in a 10 kG field. Wlen B is zero, the veloclty is
Jsgen to be constant. The slope of the straight line gives a veloc1ty
‘eqaal to f;8 ch/ﬁsec. In a 5 kG magnetic field there is clear indica-
tion that the plasma is slowed down and actually stops moving at‘a time
of approximately 100 nsec. In some cases the plasma 1is seen to hounce,
‘:thaf is it stops, goes backward, and then forward again.

."Tha effect of magnetic field on plasmas composad of heavier ions
4(carbon, steel) is much 1ess pronounced as is illustrated in Table IV
vwhich gives hhe velocities under different conditions. Thus, for ex-
ample, a 5 eV carbon plasma requires a 10 kG magnetic field to.reduce
;Isvelocity by less than.a factor of two. :

The foregoing computatioh;prqye to be a halpful guide toward a
béttar understanding of.the’experiments described earlier. From these
experiments two pieces of valuable information emerge. First, in the
absense of a magnetic field we find hhat the average plasma velocity must’
be approximately 6 cm/usec. And second, a magnetic field of ~4500 G
virtually stops plasma motion. The experiments are consistent with the
computer modeling of an expanding hydrogen plasma having an initial den—
sity of the order of 1019 cm—3 and an initial temperature of the order of
5 eV, The experiments would not be consistent, for example, with the
- model of a moving carbon plasma. There are two reasons; first, because
" the measured velocity in the absence of magnetic field is too high com-

pared with the prediction from Eq.'(l4); and second, because the mea-
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1d required to stop plasma motion is.too iow [compared
or carbon given in Table 1V]. The fact that a hydro-
than, for example, a carbon plasma from the carbon cath-
flowing across our diode may not be too surprising.
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some of these ideas, vwe uedertook a sefies_of spectro-
s.of the diode plasma. .Ihe light from the gap, after
e polysﬁnﬁne window shown in Fig. 1 is focused onto
meter Wadsworth grating spectrograph (Jarrell-Ash

is 1nstrument is prov1ded with a film strip situated

: the overall dispersion is 10.8 A/mm In order to
light intensity, the slits are opened to a width of 100
from 10 successive shots is superposed on-the same film

time-integrated effects are being observed in these

st prominent line seen is the Balmer o line of hydrogen
a lesser extent, the Carbon II doublet at 6578 A and
B line and a host of other very faint carbon lines are
y are too weak to be used for diagnostic purposes.

larged photograph of the aforementioned three lines.i




"Significant line broadening is clearly evident; it is caused by the elec-

tric. field of the ambient ions and electrons of the diode plasma. Since
such plasma Stark broadening is governed by the charged particle density
N (it is insensitive to the témperature T), it can be exploited to obtain

a reliable value of the time integrated density of our diode plasma.

'Film strips like those shown in Fig. 16 were scanned with .a photodensi-

tometer [Fig. 17). After subtraction of the instrumental broadening, the

" full line width AA(1/2) at the half power points was recorded. The den-

sity was then determlned using tabulated values37 which relates N and
Ak(l/Z). To obtain good shot-to-shot reproduc1b111ty of our spectrosco;
pic data,.the following procedure was adopted. The diode was pumped out
and then filled with hydrogen.to almost an atmosphereof pressure. Time
was allowed for thé hydrogen to be adsorbed by the diode ;uffaces and
after.several ainutes it was pumped out until a Base pressure ~3><10—5
Torr was again-achieved. The procedure>was followed after éach firing of
the Nereus facility. Good, reproducible line broadening was thus achieved.
We note, however, that the line intensities were not very reproducible and
they varied significantly from one run to the next. This implies that
whereas ‘the electron density remained quite invariant, the density of the
radiating atoms was fairly erratic. |

One sees from Fig. 16 that the line width, (and thus the density N)

varies with the up and down position .-on the photographed spectral line.

This simply says that tﬁe plasma density is somewhat inhomogeneous -- |

. being denser near the cathode and less dense near the anode. Photodensi-

tometer scans were taken at three positions, one near the cathode, one
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néar the anode, and one midway between the two. The results are recorded

~ in Table V. We note that the determination of N from the broadening of

the Ha line is in good agreement with the determination of N from the

C II line, thus édding confidence concerning the reliability of this

’mggchhique.‘ However, the determination of N from the C II line is much

less accurate in view of the fact thaé the instrumental line broadening
in this case becomes comparable with the Stark width of the line.
It is seen from Table V that when the diode is acted upon by a

strong axial magnetic field, the measured plasma density is reduced by

about a factor of ten. It is this reduction which is undoubtedly respon-

sible for the fact that diode closure discussed earlier is inhibited by

the presence éf the Bz field. However, one important question remains
unanswe;éd. Is the obsewed reduction in the time-integrated N due to
the fact that.the 3xB forces are so strong as to prevent plasma from
lgaving the immediate Yicinity of‘the cathode (and is thus unobservable
by us because of limitation‘in spatial resolution of the optical setup);

or does the magnetic field Bz inhibit in some way or other the initial

formation of plasma? Better spatial resolution, together with time-

resolved determinations of the Stark broadening would be required to an-

swer this question.
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Table I. Measured and theoretical diode perveances P for different gap spacings.

‘The external mégnetic field Bz is zero. The values of I, V, and P(experimental)

correspond to measurements made at a time of maximum current flow (t

'dd . ¢ V.' P(experiment) P[f;om Eq. (3)] Ld
(cm) kA kv av 32 105 av3/2 x 106 cm
0.23 49.9 131 1052 1149 2.07
- 0.34 46.2 183 589 522 2.18
0.44 © 36.5 231 329 310 2.23 .
. 0.54 30.8 285 202 205 2.20




' *
Table II. Comparison of the measured and calculated magnetic fields B .

necessary to cutoff radial current flow in a cylindrical diode of gap

0.474

width do. V is the diode voltage (at the given Bz) averaged over many
.shots.
d a =t ) *(Eq. 1) B 1
o e V(t—to) B ( q.' ) Bz(exper ment)
(cm) (cm) (kv) (gauss) (gauss)
0.23 0.218 204 7651 7500
0.34 0.314 271 6288 6050
0.44 0.396 303 - 5337 "5070
0.54 363 4990 . 4790




Table III. Calculated velocity of the'plasma vacuum boundary of an un-

- magnetized plasma slab.

-

Hydrogen
temperature velocity of KT, /M o
: plasma boundary

(eV) ‘ (cm/psec) (cm/usec)

1 | 3.92 .98 4.00
5 7.80 2.19 3.56
10 10.21 3.10 3.29

Carbon
1 . 1.09 0.28 3.89
5 2.62 0.63 " 4,16
10  4.03 0.89 4.53
Steel
1 0.43 0.13 3.31

5 1.30 0.29 4.48

10 2.10 -0.41 5.12
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Table IV. Computed velocities of hydrogen, carbon and'steel plasmas at
various ti@es t (given in cm/usec)'during their expansion. The initial
plasma density is 1019 cm“3 and the initial temperature is'S eV. B ié
the egternally applied transverse magnetic field (in kG). A negative

velocity implies that the plasma has been stépped and is moving béck.

~ Hydrogen
S~ __ B ‘ [ . ;
t D 0kG 5kG 10 kG
3 nsec A 7.8 8.3 7.8
20 - 7.8 3.4 1.3
65 7.8 0.87 © -0.26
98" N R Y T | -0.26
% Carbon 2
3 | 2.6 | 38 3.1
20 - 2.6 | 3.2 2.7
65 . . - 2.6 % 2.6 2.0
! H . .
98 | 2.6 | 2.1 1.9
E § -Steel
3 ? 1.3 1.3 | 1.3
20 1.3 1.3 1.3
65 1.3 1.3 : 1.3
98 13 0 T3 1.3




Table V. Time integrated piaéma déhsity at three ﬁositions of the di-
ode gap determined from the Stark broadening of the Ha line and the

) (-] . ) ° .
C II 6578 A line. AX is the measured full half-width at the half power

point and Bz is the axial magnetic field applied to the diode. do =

3.4 mm
B =0
z
Spectral line Near cathode ‘Midway between - Near - anode
. cathode and anode
Ha | N = 1.8x10%7 N = 1.7x10Y7 N = 1.1x10%/
o -] . o
AN = 14,5 A AN = 13.3 A AXx = 10.0 A
C TI(6578) - N = 1.6x10%7 N = 1.8x10"/ N = 0.9x10"
. o (-] °
AN = 1.7 A A = 1.9 A Al = 0,94 A
" B_ =14 kG
-z
Spectral line Near cathode Midway between Near anode
cathode and anode '
Hot , N = 1.4x10%° N = 0.9x10%° N = 0.7x10®
o . . o - ’ .0
A\ = 1.6 A A =1.1A : ] A =10.84




Fig.

Fig.

Fig.

Fig.

Fig.

la.

- 1b.

CAPTIONS TO FIGURES

Schematic drawing of the cylindrical diode.

More detailed drawing of diode showing placement of the anode
shield and of the Eurrent viewing probe. A—éathode; B—énode;

C-insulator; D-anode connection to.the current viewing probe;

. E-anode shield; P-stainless steel screws connécting B to D;

G-current viewing resistor; H-vacuum envelope; I-polystyrene

window; J-solenoid.

Axial variation of the azimuthal magnetic field in a mock-up
cylindrical diode drawing 4A of current. z = L refers to the
far end of cathode; z = 0 refers to the near end where the

cathode connects onto the shank. Measurement at radial dis-
tance of 1.5 cm.

Oscilloscope trapes.of~the diode voltage and current for
three different values of exterﬁally applied magnetic field Bz .
The dashed lines represent fiducial time markers. The diode )
gap do = 3.4 mm. The voltage traces éhowp represent signals

after subtraction of the unwanted inductive contribution. V
and I increase downwards. Zero V and zero I are given by the

initially horizontal parts of traces.

Diode per&eance as a function of the normalized magnetic field
. .

Bz/B., for different gap widths d . The curves for the dif-

ferent gap widths are displaced vertically with respect to one

for
another by a fixed interval, /easier visual presentation. The

absolute value of the perveance for each gap 1s given in Table

I for the case Bz + 0.
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Normaiized electron cﬁrrent I/IL - as a function of the

A 3 . *
normalized magnetic field Bz/B . The "hot tail" at B > B has.

been omitted from fhis figure for the sake of clarity. The
various ﬁoints are experimentai va1ues obtained for different
gap'w;qchsé 00 d_ =2.3my; 66 d = 3.4mm; XX d =
4}4 mn; A A do = 5.4 mm. The solid iine is from nonrelativ-

19,20,21

istic theory for a planar diode in a uniform magnetic

field. "The dashed curve is from Eq. (7).

Diagram of the experimental setup used in the study of the

microwave emission from the cutoff diode.

The total microwave power emitted in the X-band frequency
range, and the diode current, plottéd as a function of the

applied axial magnetic field. The microwave emission is the

sum total for the two orthogonal polarization of the electric

vector. d°'= 3.4 om.

The X-band microwave spectrum observed at a fixed axial mag-

netic field B, = 8900 G; d_ = 3.4 mm. One polarization only.

‘The H-plane radiation pattern of the emitted microwaves

(solid points, solid line). The dashed line shown for com-
pafisdnvis the theoretical radiation ﬁattern of an open cy-
lindrical waveguide equal in radius to our vacuum can and ex-

11

cited in'thé TE mode.. The emitted power is that integrated
over tﬁe entire X-band frequency range; The E-plane pattern
is similar. The observations suggest that multimode wave-
guide excitétion éf the cylindrical vécuum éan is taking

place, rather than single mode excitation. do = 3,4 mm.
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the shock (below). Hydrogen plasma, Nd = ]

- 38 -

The measured perveance as a function .of time, for various

transQerse magnetic fields applied across the diode do = 3.4
mm. When Bzz 6300 G, the electron current is cut off [see
Table II]; in this regime, the meaning of perveance has.little

physical content."

The net velocity of the cathode and anode plasmasAfor Bz= 0,

as determined from P(ﬁ) of 'Fig. 10. The plasmas accelerate

probably as a result of the.ohmic heating Jr2/o from the

radially flowing current. do = 3.4 mm.

The computed space-time density variation of a fully ionized

hydrogen plasma traveling across a uniform magnetic field of

5 kG. The initial density N = 10%? cm™3 and the initial

temperature To =5 eV,

Thé computed space-time temperature development of the plasma

described in the caption to Fig. 12,

Detail picture of the density and temperature "jumps'" across

the shock (above); the plasma B8 = ZN(KTé + KTi)uo/B2 across

019 cm-3, T =
o

S-eV. Time of observation t = 65 nsec.

The computed position of the plasma front as a function of

time during the first 100 nsec of its expansion. Fully ion-

19 -3

ized hydrogen plasma with No = 1077 em 7, To = 5 eV and 10 eV.

‘When the slope of the curve is negative, the plasma is moving

backwards.
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Fig. 16. A section of the time integrated optical spectrum from the

diode plasma. The lines are Stark broadened. do = 3.4 mm.Bz:= 0.

Fig. 17. Photodensitometer trace of the spectrum shown in Fig. 16,
" scanned acfoss‘that portion of the line which corresponds to

the region of the gap situated near the cathode.
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