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FORMATIVE TIME FOR BREAKDOWN IN STRONG CROSSED FIELﬁ*
Arthur R. Sherwood and Wulf B. Kunkel
Lawreﬁce.ﬁadiation Léboratory
University of California
Berkeley, California
| November 20, 1967
ABSTRACT
The formative time Qf éiectric breakdown in'low-pressuré (0.2 to 2.0
torr) hydrogen across a stfong‘magnéﬁic field (10 <<nb7 <>550; maximum B
of 18 kG) has been'measured inba cdaXial cyiindrical geometry. Attention

was centered on the region of breakdown that occurs with a formative time

I'd

iess than the time required for an electron to'drift across the electrodg
gap in the applied fields. This Créésing time waé inferred'by extrapola-
tions of previous measurements by Berhstein. These formative time meésure-
ments are compared with a simplified theory that aésumes aiqonstaﬁt number
of e-folding times until breakdown, and neglects electron losses as well
as secondary produétion at the cathpde. This model predicts that the for-
mative time is inversely proportional,to‘the gas pressure énd otherwise a
function of only the ratio E/B and_nof of either field separately. The
predicted pressure deéendence is confirmed, but some deviations from the
predicted functional aependence on E/B arevfound. These deviations are

attributed to electron losses along the magnetic field. A prediction of

 the magnitude of the formative time based on'this'simplifiedﬂtheory must

necessarily involve extrapolation of certain previously‘obtained results.
Such a prediction is'found to be in reasonable agreément with the experi-

mental values.
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1. 'imobvéﬁom |
We describe here>a studv of the formative tlme‘of the electrlcal - ' Aat
breakdown of hydrogen gas in’ an electric field perpendicular to a strong _
uniform static magnetic fleld. The magnetic field B is parallel to the
electrodes, and it is of such‘magnitude that‘the electron gyrofrequency
o, is much greater than the electron collis1on frequency T l. In fact,
during the perlod of 1onization buildup the ratlo of these frequen01es
wbr varies from lO to 350 over the experimental range of pressure (O 2
| to 2. 0 torr) and magnetlc field (6 to 18 kG) The voltage across the
: electrode gap is pulsed and rises to a value high enough above breakdown
threshold that the formative time turns out to be shorter than the time o
requlred for an electron to drift from the cathode all the way to the
anode (as inferred from the‘neasurenents by‘Bernsteinl). This condition,
vwhich requires electric:fields E of several kilovolts pervcentimeter, means
the hreakdown is accomplished:essentially hy the primary avalanches alone,
andrthe effectiof secondary‘electrons released_at the cathode can in a
first approximation be neglected lt is thus not surprising’ﬁb&tour results ;
differ markedly from those obtained by Deutsch who investigated the for- .
‘matlve time of cross- field breakdown 1nvolv1ng several electron trans1ts
vThe 51mp11f1cations under our condltion permlt theoretical predictlons for
the breakdown tlme as a function of the applied fields and: the gas dens1ty; . o
These predictlons are hased on extrapolated values of observed or ‘computed
1onizat10n rates and drift speeds, for the authors are not aware of any.
direct measurements of these quantlties in the‘phyical domain of the

present experiment.
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In.the crossed-field configuration with wa >> 1 the motion in the
plané nprmal to the magnetic field éf é groﬁing“electron avalanche con-
sists of a drift in %he E x gldirecﬁion and a slower drift in fhe -E dir-‘
ection, in the laboratory frame éf feference.. The velocity of the former

. : - >, 2
drift is very nearly given by 3&’% cﬁ x B/B”, and the speed of the latter

E
of which the electrons gain energy from the electric field, is a result

vdrift, VE’ is approximately A zv(wbr)-lvd. The drift motion v_, by means-

of the collisions betwéen the electfons,and the neutral gas. For positive
ions ih this experiment thé ratib of‘the gyrofrequenéy to the éollisidn
frequency is less than unity; therefore the positive ions drift essenti-
ally straight along E to the cathodé. The speed of this ion drift motion

is much greater than VE;ﬁ

II. THEORY

As an appropriate model we considef a cold heutral gas at rest with
.respect to the electrodesvié,uniform static orthogonal electric and mag-
netic fields with E < B (in gaussian units). The treatment is limited to
the case of a gtrong magnetic fie1d,'i.e., wa >> 1. We neglect any
secondary electrons released from the cathode, and also any lossvof elec-
trons from the growing avalanéhe. All speeds are assumed to be non- -
relativistic. |

Rather than considering the proﬁlem in the laboratory frame (in which

the drift mbtions are as described above), we choose to use a reference

-

“frame moving at velocity Vs with respect to the laboratory frame. In this

"drift frame" the electric field vanishes, and the gyrating electrons are

in a gas wind of vélocity -;a. Note that in the drift frame the large

electron drift velocity ;d 1s no longer present; therefore the electron
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velocity distribution function is much more nearly‘isot?opic than 1t 1s
in the'laboratory frame. This means the usual expansion of the distribu-
tion function in spherical harmonics converges more. rapidly in the drift

frame.

In the drlft frame, then, the 1sotroplc part of the electron veloc1tyl .

3

diStrlbutlon function fo can be shown to depend parametrlcally on the
ratio E/B only and not on E, B, or p.(gas pressure) separgtely, 1f‘the
eoliisional'scatpering of the electrons is independent of the azimuthal

angle about the direction of the incident velocity. That is,
fy'= fo(v,t; va)s B . o - (1)

where v 1s the electron velocity in the drift frame. Tnis result can of
.course be derived from a eomplete enalysis'of electron_dynamics sucn as
described by All:'Ls,)+ but it can be nnderspood with the help of a ‘single
. Physical argument. In the drift frame there isdno'electric field, so the

.Boltzmann equation becomes, to lowest order;
(2)

where(afo/at)col refers to the colli51ons W1th molecules only and elec-
tron-electron‘eoillslons are neglected. Thus the veloc1ty distribution
function is'de%efmined by the relative rates of allvfhe collisional pro-
cesses, and the magneticlfield does not enﬁer separately. Similarl&, the
gas pressure does not affect the veloc1ty distribution functlon, even
though = -1 is admitted to be a functlon of ve1001ty,vbecause all the

collision rates are proportional to the gas density.
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Physically it is expected that in a "few" mean collision times after .
the initiation of an aValaﬁche the electron velocity distribution function
reaches an "equilibrium” shape at which the energy gain due to elastic

collisions is balanced by the eﬁergy;loss due to inelastic collisions.

Then the distribution function is ofithe form
- . ‘ '
£ = £2(; v,) exp (Bt), (3)

where B is thé ionization rate. In Vhatvfollows the disfribution functioni
is assumed to be of this form.

The ionization rate S is giéen,'to ﬁhe lowest order in the sphericai
harmonic expansion, by |

0
B =,1+1Tng . oi(l; + 3&[),3’+ ;a[vefo(Q; vd)dv, | (&)
0

where ng is the gas density and 01(13 + GAI) is the ionization cross sec-
tion. It therefore follows that the ionization rate, which is of course
independent of the reference frame, is prdportional.to the gas density
and othérwise.is a function of E/B oniy. Symbolically, this dependence

can be expressed in the form

s=%%%y ?, o (5)

4 o

As indicated in Fig. 1, for the purpose of this ?aper the formative
time TB is defined as the interval between the instant the applied voltage
first reaches 85% of its full value and the point in time when a marked

voltage decrease is discernible. TFor the circuiﬁ used in this experiment,

the latter implies currents in the ampere range, so that electric-field



66— UCRD-17955

distortions must always have been involved in the process of our ”break-

down" regardless of 1ts detailed mechanism and the further development

of the discharge. We therefore argue that "breakdown _oceurs when a cer-

tain avalance strength is reached and we assume for 51mp1101ty that this_“

critical amplification is the same for all fields and pressures used. Our
criterion is thus analogous to that for midgap breakdown by the streamer

p)

mechanism in the absence of a magnetic field:
= (4n N/No)/ngF(E/B),' - (e

where N is the number of electrons in the gap at tine TB and Nb is the .
initial number present. '
It is recognized by the authors that the assumption that the critical

avalanche amplification is the same for‘all fields and-pressures used 1is

probably not strictly valid. Due tovthe exponential nature of the ava-

lanche growth, however, it is evident that the formatlvc time is much more

' sens1t1ve to the ionization rate than it is to the critical avalanche

amplifications, as is indicated by Eq. (6). In view of the statistical
scatter in the observed formative times (see Fig. l), we argue that this
assumption is reasonable for the work at hand.

From Eq. (6), then, the observed formative time is expected to be_,;

inversely proportional to the gas preSSure, and otherwise a function of

E/B only. .

III. APPARATUS -
As in the previous work by Bern'ste'in,:L our experiment was performed
with coaxial cylindricdl electrodes having a gap much smaller than their

radius so thatta*plane_parallel configuration was closely approximated.

e st e
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A cross-sectional diagram of the electrode structure is shown in Fig. 2,
and further details of its construction can be found elsewhere.6' The
copper anode (outer cylindrical shell) was penetrated in one place by an
array of small holes which formed a "window" through which ultraviolet
light could be directed onto the cathode. This ultraviolet illumination
provided a substantial but unknown humber of electrons in the electrode
gap. A set of interchangeable aluminum cathodesof different diameters
allowed the gap spacing d to be varied. Gap spacingé of 0.3, 0.5, and
0.8 cm were used. The entire electrode structure was located in a vacuum
sysfem between the poles of a lafge.magnet.

The perturbing effects of the eiectric fringe fields at the ends of
the gap were suppressed by covering:the ends with thin glass plates coated
on the outside with a resistive paint in such a manner as to simulate a
gap of infinite length.6

The voltage Vg from a de powerléupply was applied tq the gap abfuptly
via & thyratron tube and a 100-ohm current~limiting resistor. The range
of_Vé was 2.4 to 12.0 kV. Taking 5% as an "observable" voltage drop on
the oscilloécope traces, the current flowing at the onset of the "voltage

collapse" ranged from 1.2 to 6.0 A.

o Iv. RESULTS N

Figures 3 and 4 show two exémplés of a set of measured formative
times plottéd against l/p for given fixed values of the electric and
magnetic fields and of the gap spaciﬁg. The time Tc = d/vE required for
an electron to drift across the elec%rode gap ih the applied fields is
also indicated in these figureé.l This time is estimated by extrapolation

of the drift velocity measurements by Bernsteinl-into the range of Vq of
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our experiment. Bernstein's results show a nearly constant value for the

ratio vE/vd when vd

is above about S"x 106 cm/sec, but his'measurements .
extend to only about vy =9 x‘106 cm/sec. We use the expression .

- ' '.‘slo B ) . Co
v, =2.9x 107 —x cm/sec (7)
R PR o

(p is gas pressure in torr at 20° C, E in V/cm, B in G) that one obtains o

from this constant ratlo as an estlmate for VE over our range of Vg

(3.3 x lO7 cm/sec <wvy < 6.6 x 107 cm/sec) When T, > IB’ as in Fig. 3,

the inverse pressure dependence pmedlcted by Eq (6) is indeed observed.

When TB > Tc’ however, secondary proeesses play_a-51gnificent rele and - a

nonlinear dependence on l/p is usually observed. Figure 4 shows an

example'of this latter case. In general we have restricted oﬁr attention =

to the case in which Té > T, but some data (marked by the letter m), for

B
which T, > T, are included in Flgs 5 and 6.
According to Eq. (6) the product ngTB shouldvdepend only on the ratio =
E/B and not on E, B, or d separately. Figure 5 shows a plot of ngTB

v against B for e fixed gap’spacing and three fixed values of E/Bv(or vd).

It is seen that some direct effect of B (or E) alone is observed. ' Figﬁre‘

- 6 1llustrates that similar deviafions, notably at large values of B, occur -

" when the gap spacing is varied. Each of the data bars in Figs. 5 and 6
1s obtained from the'slope of s'straight line drawn through the points of
a, pressure-éependence graph such as'Fig. 3. The length of the data bars
represents the'uneertainties in determihing these slopes. The arrows on
the right side of Fig: 5 show predicﬁions'obtained in the next section

for the magnitude of ngTB for the three cases shown.
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V. DISCUSSION

A. TJTonization Rate -

A quantitative prediction of the time taken for fhe ionization to
reach the critical "breakdoﬁn"_value in our simplified model, according
to Eq. (6), requires a knowledge of £he magnitude of the growth rate B.
Unfortunately, as mentioned before, no direct’ .- measurements of the ioni-

zation rate under conditions similar to those in our experiment are avail-

F 4

able. It is, however, possible to make use of extrapolations of published
data on the ionization coefficient a.in strong. crossed fields.7’8 The
value of B then follows directly by multiplication with expression (7),

since here, just as in the absence of =& magnetic.field,

B = oy, | | (8)

The required extrapolation to large values of abT and to the high

drift speeds v, = cE/B of interest in our experiment is best accomplished

d

by means of the equivalent-pressure concept introduced by Blevin and

9

Haydon. These authors showed that when the mean free time T is inde-

rendent of electron energy the quantity p' = p(l + aszz)l/E permits an

approximate analytic expression for o in the form
a/p' = ¢, exp (-C,p'/E). | | (9)
In the limit of very strong magnetic fields this relation reduces to

a/B =Cy" exp (-C,'B/E), ' ' (10)
; _ |

© 50 that the product v, = B indeed is of the form (5)..

B
We must not expect Eq. (9) to hold over a wide range of values E/p',
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of coﬁrse;‘éiﬁéebT iﬁ genéral:wiil'ﬁot bé é coné#ént): Qn the éfhef haﬁd,

ﬁhe functional form (10),ﬁ6rvthé liﬁiting case‘of large w, T may be quite 1  7a.
éccurate again, because it is independent of T,*-This’last statement merely .
reflects the fact that in the sfrongimagnetic-fiéid limit“the distribution
funcfion forAthe electrons deviates"much;less from<a drfitihg Maxwellian

3

than in the absence of & magnetic field.” When the values observed by
Bernstein7‘(after proper‘réduction thése values aré'foﬁnd to differ very
little from those given by Fletcher and Haydon8)'are'inserted in Eq. (9)
and ﬁse is made of relation (7), we find for hyarogen the quantitativé

expression

B/ng = 2.6 x:lO'S(E/B) exp(—O.783/E) cﬁ?/sec, - (11)

"which is shown graphicall& in Fig.'?g It is interesting to note that this -
. curve differs by less thaﬁ:a“factoriofﬁ 2 from thé results of a'numericgl :
' computation;lo baééd on the theoreticaihconéideratidns tredted in Ref. 3,.
whichbis-éléo displayed on Fig. 7 for cbmpérison. ‘It shouid be noted,
however, thatbthé cgmputatién had to_make.use of severalvpoorly known
cross sections. | | | |

B. Secondary Electrons from thé Cathode

As stated in the Introduction, we belieﬁe that in this é#periment"
the release of’secoﬁaary electrons at the cathode can contribﬁte in only".
e minor way to the cﬁarge accumulatibn in the gap. There are twg very"
good reasons for this assumption: (a). In a strong tfansverse‘magnetic _'v;: v
field-~-i.e., for large values of mbT--most secondaries are returned promptl&
to the cathode, so that the efféctive value Qf the cpefficient_for release
of secondaries, 7, is reduced roughly by the ratio. a7 (v) Quiﬁe in

general, in midgap breakdown, which must involve significant space-charge



W

e

-11- UCRL-17955
developmént, the secondary avalanchés find themselves in regions of reduced
electric field, éo that their growtﬁ rate is always.less than that of the
first generation. This is not to séy, of course, tﬁét secondary electrons
can be completely absent, because in‘that case there would be no possi-
bility of multiple;avalanche breakdown, contrary to observations. In fact;
the absence of a sharp jump in formaﬁive time whéﬁ it is longer than the
electron crossing time can be eéxplained onlj by the existence of secondary
avalanches. The very smooth transition from single4 to multiple-ayalanche
breakdqwn times is, however, most probably caused by d smearing-out of the
crossing time itself. The latter must be expected, because the field
distortion caused by the space charges are undoubtedly not completely uni-
form around the anode perimeter.

The only point we need to make is that in midgap breakdown the con-
tributions from secondary avalaﬁchesvcan, in a first épproximation, be
neglected. It is difficult to see how otherwise the formati#e time could

be strietly proportional to the inveisevof the gas pressure.

C. Magnitude of the Critical Value of N/No
Prediction of the time-T:B also fequires knowledge of the numerical.
value of-the.critical ionization gai@ N/Nb.that is postulated in EqQ'(6).
Fortunately, an estimate oﬁly ié sufficient.bécause of the logarithmig
dependence. As a first step we maey argue, in analogy to the treatment of
midgap brea&down at high gas density,5 that the breakdown goes to rapid
complétion (see Fig. la) as soon as'ﬁhe accumulated space charge has sig-

nificantly enhanced the electric field on the anode side of the electron

cloud. In most of our cases this leads to a value for N in the order of
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vtlon 1s not leading to a s1gn1f1cantly aceelerated ionization growth, the

"adequate. The remaining discrepanc1es are readlly explalned at least in
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lole'providedethe charge.islspread,in a .reasonsbly uniform manner over a

cylindrical shell within the gap. - But, even if the electric field-distor- o A

current in the gap always produces an observable voltage drop across” out .

- limiting re51stor.when N lies between lOl and lOlB. Naturally this would:

lead to a more gradual voltage collapse,  and presumably Fig. 1b is an

example of such & case. Quite in general, the. longer formative times

~tend to be correlated with this second type of "breakdown."

- Unfortunately, we do not have.equally good -arguments for .our estié
mate of Nb because'the_resistive‘coating~of the insulators precluded
measurement of the photoemission current. That some statistical scatter

of formative times remained (see Fig. 1) when-strong cathode illumination

 was added seems 0 indicate that N, must be quite small. Presumably the

0

net emission of photoelectrons 1s very much reduced by the strong magnetic

field, exactly as is the releasevof'secondaries, because at large wa most

.electrons are .returned to the cathode. Thus we-make the guess that N, is

0
larger than unity but certainly much less-than 100. This means that

25 < 1n N/Nb < 27.  The arrows on the right of Fié.‘S correspond to the
upper limit of this range. The fair agreement between observed and pre-
dlcted formative times indicates that our 51mple model may be rather good

and that our extrapolatlon for the 1onlzatlon rate B is probably qulte ' RS

‘8 gqualitative way,'as resulting from our neglect of,electron losses,

D. Electron Losses.
The most serious oversimplification:of the breakdown model discussed

so far is the assumption that no electrons are lost from the system. ‘In
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reality some electrons must be expected to réach one of the bounding sur-

faces during the buildup process. Because of this removal the net growth

“rate will always be smaller than B, so that the formative time is under-

estimatéd in our calculations. A dquantitative treatment of such refine-
ment becoﬁes quite complex6 and is therefore not attempted here. Instead,
we present the major Physical arguments in order to explainvat least quali-
tatively the observed deviations from our simplified model.

For two separate reasons some electrons can reach the anode in a time
much shorter than previously assumea. Firstly, avalanches that start out
in midgap of course arrive at the anbde in less than a normal crossing
time. Thus if, for instance, the iﬁitial électrbns are distributed evenly

0 E B)
Although it is in"the right direection, this effect is not likely to explain

throughout the gap the effective velue for N. is proportional to (d - v.T

the dependence of ngTB on the gap spacing d shown in Fig. 6 because it
enters only logarithmically and because we expect most initial electrons
to start very close to the illuminated cathode. The other possible, and
probably much more significant, complication.leading to "premature'" elec-
tron removal at the anode involves rédial drifts caused by,azimuthal com=
ponents of the electric field, which appear whenever the space charge has
azimuthal nonuniformities. Even if they were'initially absent such non-

uniformities are in fact expected to develop in the later stages of the

buildup as a form of the so-called "diocotron instability" of space-charge

'streams.ll The subsequent behavior is equivalent to that found in a local

reduction of the electrode spacing, which reduces the transit time for the
participating electrons but does not lead to breakdown since only a frac-

tion of the avalanche is involved. -The final consequence is a partial
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reﬁ0vai of electfons at the anode ana‘thusva étreﬁching Of‘the'formétive
time. .The effect is largest for_thé:shortest e;ectrode spacings, -and o ;r- .B
thus might well explain the resulﬁs:showﬁ in Fig._6,.but the B dependenCe
seen in Fig. 5 is pfobablj céused by.a différént loss process.

It is clear that in this experimeﬁt electrons diffuse freely along
the magnetic lines;_and'in‘the lateflstages of the growth'proceSSjthéy
are also forced to flow in this diréctionfby the éﬁace-charge fepulsion;
In fact, simple estimates indicate fﬁaﬁ in all our cases the ionization _bv
must be rather well distribﬁfed in'fhe.axial directioﬁ.» Iﬁ follows that
electrons are deposited on thé end insulﬁtgrs, bﬁilding up avsurface
- charge until.the'potentialvthere is:sufficienﬁ to suppress any further
axial motion. The résulting electrén-loss réﬁe can'be shoﬁn to be qﬁite,‘
substantial, and there are two good‘reaéons Why it éhOuld be decreasing
with increasing magnetic field. Thé'area of insulator surface that is™
swept out by the progress'df an eleétron‘avalanche is larger. for lower
magnetic fields. But more_impo;tanﬁ.is perhaps‘tha£ ét laréer‘magnetic
- fields the flux lines in'oﬁr magnetiaCQuire é‘slight cufvature whiéh ié
concave towards the cathode. This small curvature is iﬁsufficient to
affect the electron energy in any noticeable way, but it has‘a marked
effect on the axial diffusion,.particularly in the early phases of thé»
buildup. Such a variation could‘easily explain the observed B (or E) ; ‘ A
dependence: of ngTB shown in Fig..5. - |

Unfortunately, none of the exp;anations advanced in this section haé
yet been verified by specia} tests. We therefore consider our inﬁerpreta—
:tion of the deviations from the simple model as merély tentative at thié

point. The gross agreement with the general predictions, however, 'is felt
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to be good enough to inspire confidence in the validity of our theory.

VI. CONCLUSION

Reproducible values for the fofmative time of breakdown in hydrogen
8Ccross a strong.magnetic field have been measured for conditions under
which this time is less_than the tiﬁe required for an electron to drift
across the electrode gap in the applied fields. These measurements aré
compared with a simplified theory which neglects electron losses from the
avalanche and postulates that breakdown occurs when a certain criticalr
space charge or a certain critical current is reached. The pressure de-
lpendence prediéted by this theory is confirmed over a range of pressures
spanning a decade, but deViations from the predicted functional dependence
on E/B are found. These deviations are tentatively ascribed to electron
losses along the magnetic field. Predictions for the magnitude of the
formative time based on extrapolated values of ionization rates and drift -
speeds are.found to be in réasonable_agreement with the measured values.
This agreement may be taken as a paftial confirmation of our theoretical
model.

The authors are indebted to X. W. Ehlers.for his interest and many
helpful suggestions as well as for the use of his equipment without which

the experiment could not have been carried out.
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FIGURE LECENDS
Typical oscillbscope traces.of the:poteﬁtial across the éleCtrodes
as a function of time. (a):0.8 em gap; 1.0 torr; 7.2 kV; 18 kG .
(four trace overlay). V(b) 0.8‘cm gap;‘l.O torr; 3.6 kV; 18 kG
(five trace overlay).
Schematic drawing of a crdsé section of the electrode structure.
All parts have cylindridél symmetry about the center.
The formative time as a funétion of 1/p for TB < T, Each point
represents a sgngle shotf
The formative time as a function of 1/p forvTB > T, . The crosses
represent single shots, and éach bar represents a group of several
shots.

The product of the measured formative time and the gas density

plotted against the magnetic field strength for the 0.8 cm gap.

The data labeded with the letter m are cases for_which TB > Tc'

The product of the measured formative time and the gas density -

7 o

for Ve = 5.0 x 10 cm/sec. The data labeled with the letter m

are cases for which TB >'Tc.-
B/ng as a function of va. S0lid curve based on extrapolation of

Bernstein's data {Ref. T); broken line computed by Pearson and

" Kunkel (Ref. 10).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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