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ABSTRACT
- Experimental details axre given for time- and space-resolved deter-
minations of electron temperature and density in a highly ionized, decaying-

hydrogen plasma. The technique used involves absolute intensity measure=

A

ments of the HB line and of two widely separated portions of the continuum. . -

. 1,
" A carbon arc is used as & radiation standard. The inferred lon density . |!
. o

: agrees satisfactorily with 'that deduced from Stark broadening of the Hb

line. Internal consistency among various methods of inferring a tempera=

.ture indicates when and where the technique ylelds reliable results. It

15

is shown that the plasma (N s 4ox 10 3,'.1‘ ~lt02xloh°), which

18 produced in a long cylinder in a strong axial magnetic field, decays SR ‘,

-

. A by volume 'recomlgination. ,A'-ﬁiff\xsion.losses appear 'to be negligible. ' - B
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I. INTRODUCTION

In recent years a number of experiments have been reported in which .

highly ionized plasmas with electron demsities between 1015 and 1016 cm'5-‘
"“f and temperatures between 1 and 2 x 10h %% were used for the study oflhydro; e

"“,f;}‘magnetie wawe:s.l'8 In order to interpret properiy the results obtained,.v f:;
:vx'and to make meaningful comparisons with thedry, it is necessary to have FA
! reliable information'concerning the plasma density, temperature, and“degree::‘
i of ionization. In particular, one is never Justified in assuming that the ‘{Af

' initial gas pressure controls the ultimate plasma density. The high=-

. current discharge that is invariabdbly used to generate the ionization is |

I

L capable of either liberating large emounts of material from the swrfaces ;' -,

4

‘or expelling an appreciable fraction of the gas from the region of 1nterest.7,‘7

fl‘*In general, & separate determination of the plasma parametera is required,

preferably as & function of position and time, because the‘existence of

IH{TP nonuniformities and fluctuations may have to be taken into eccount as vellav L

1,2

Soue of‘the early work included measurements of ion densities and ;ﬁﬁ

'?i electron temperatures (a) by means of Langmuir probes or (b) by Stark

.-1 broadening of Balmer lines and determination of electrical resistivity.?
J;,j;:f;f': In a more recent study, | the electron denmsity was inferred from the plasma jh .
| - " refractive 1ndex, which was meaeured with the help of a He-Ne gas laser;loﬂf”}ﬁ;
chwi However, in all these reports the diegnostics is considered & secondaryf;' o
issue and therefore 1s diECuséed only vezy.briefly In this peper we :‘
describe in scme detail a careful time- and space-resolved exploration

1

of the electronoproton plasma used Yy Wilcox et al., DeSilva,9 and

Spillman 5 The method consistea primarily of absolute inxensity measurements jf




. in the hydrogen emission sﬁectrum as publicized by Griem.

N ‘brought out iﬁ & recent speqtroscopic study of a cesium plasma.13 The

. several publications, and is reviewed here only briefly.
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It is Well known that a great deal can be learned about a Plasma

0 frem its emissioh spectrum. These spectroscopic techniques have the

additional idVantage that, except for the necessity of windows, no per=-
turbation of the plasma or interference with the experiment is in#olved.
The various observables, such as line shapes, line intensities, intensity

ratios, and continuum emission, relate to different features of the plasma,

.- .and under noneqni;ibrium conditions it may be difficult to obtain a con-;‘

. . sistent Picture from a set of such measurements. This situation is well

1

work descrided in the present paper representé a successful-effdrt 0

" delineate those periods during the production and decay of & highly
'_ ionized hydrogen plasma in which spectroscopic measuring techniques may

* be ctrusted, and within these limitations to obtain consistent and accurate

" measurements of the properties of the plasma. ' R

o C

II. APPARATUS FOR PLASMA PRODUCTION

The apparatus used to produée the plasma has been described in
l,9,lk

A hydrogen '

 plasma isgenerated by an electrical discharge in a cylindrical copper .-

‘" 4ube 14.6 cm in diameter and 86.4 cm in length (see Figf'l); The tube,

‘filled with hydrogen gas at a pressure of about 0.1 torr, is closed at

' dboth ends by quartz_pl&tes:and is l@cated in & uniform dc magnetic field

of 16 XG. A lumped-constant pulse line charged initially to 10 kV is

connected by an‘ignitron’switch to a cylindrical molybdenum elepyrode .

(.
.-

1



[+ and Gross

ke UCRL-11502 Rev.

'
P

w 1
2

- (anode) concentric with the copper cyiinder (cathode) and-i.ocated n the SRR

- center of one of the quartz plates. The gas breaks down -about 1.5 usec
- after application of the high voltage. In an additional 3 usec the cur=

rent rises to a constant value of 6.7 XA and generates a well-defined

-

" lonization front, which proceeds down the tube with a velocity (in this
case) of 4. 85 cnn/usec, leaving ‘behind it a rotating, highly ionized pLasma. B

) Such a phencmenon bas been called a "switch-on ionization wave" or "lwdro-‘f '

x

magnetic ionizing wa.ve ," and has ‘been discussed theoretical]y Yy K’anel

= and investigated experimentally by Brennan et 31.16

Before the“ 'ionization front reaches the end of the tube, the driving -

current is shorted ("crowbarred") by en ignitron switch. The timing of 1‘8 R

" tnis operation is chosen so that the driving current returns to zero Just

! ‘ . as the ionization'froht réaches the end of the tube. The tube is ‘bhus

completely filled with pla.sma while the flow of large currents across the

) insulatoxr at the far end of the tube 15 avoided. Such currents would "

‘ ,' result in prominent dmpurity lines in the spectrum of the plasma.

~ After about 25 psec the power input into the plasma is essentially BRI

. zero, and the plasma begins to cool and decay. It was primarily during B

" the decay period that the spectroscopic measurements were made. To pre- 'i .

e ;-’Vent the forma.tion of hydromagnetic "swirls" 4in the Plﬂsm& after chb&r:

all spectroscopic ‘data were taken. with a perforated copper screen inside .;

R " the tube at the end away from the electrode.  The swirls would indicate

2 macroscopic motion of (3 nonunifo:m plasma a.nd are discussed in & previous T

publication.?? A

i




S " perature measurements made by determining the ratio of the intensity of L

. . measurements made by détermiﬂing the absolute intensity e'ither of a

B si)ectml line or of the continuum radiation at some wavelength; and
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IIT. THEORY OF SPECTROSCOPIC MEASUREMENTS
As excellent summaries of sziectroscopic ‘diagnositic zi’zethoda_ suitable
for use with plasmas are available in the literature ’11,12,18,19 only the

techniques pertinent to this paper are discussed here. These are (a) teme .

a spectral line to the intensity of the continu_uin_ radiation at some wave- ’

. length; (b) temperature measurements made by determining the mtio‘df the -
-\

- intensities of the continuum radiation at two wavele'ngthé; (c¢) ion-density

, | . ‘“' L
(d) ion-density measurements made by determining the profile of a Starke ‘(‘

broadened emission liné. Unless otherwise stated, we asswme LTE (local . ,

. themmal equilfbrium).’t | o S A

s . R A

The line chosen for observation was the Hp line of the Balmer series. |

| Figure 2 shows the normalized power radiated in fhe HB line - .-
o | ' . .

W,(4861) = U,/NN, o . (1)

as & function of temperature, with the plasma assumed to be opti.ca'lly thin .

to the line. Here U P is the energy radiated in the line in ergs-cmfs-séc'l. o

.~ We calculated the population density of atoms in the upper state of ihe ' e

" line from Saba's equation using the correction to the ionization potential

 AX discussed by Grien2C and Ecker and Kréll.ol

' The continuum radiation from the plasma was observed at tvb wave-
. lengths, one between H, end E, at about 5300 8, and the other on the other

8 S
| side of the Balmer-seriea limit a.t 3225 X The m'ecise choice of wavelengtha




T e U CRL-11502  Rev. .
3

.

1s dicteted by the necessity of avoiding impurity lines in the spectrum. .
Figure 3 showa ‘the norma.lized po'wer redia.ted in the continuum per un:x.t
wavelength, defined ‘ny B B

- _wm-um/ I ‘<a>*

.

for wavelengthe of 5320 R and 3225 X respectivew, celcu]eted for seVer&l

;':'.'.'? %-'; electron densities. ‘I‘he sym'bol v (h) represents the continuum emiesion
o per X at wavelength h in erge-cm 3-sec l‘. o ) o '
: f LW (M) ves celculeted from Kirchhoff'e law, Saha's equa.tion, and the -

following expreasion for the abaorption coefficient per K etom m the
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. Stimulated emission was taken into account. This expression.for k, 1is

"ﬂy similar to one derived by Unsgld.za. Herebn is the principal quantum num=-

'"_qnentum level;-and n is the principal qpsntum number of the last boundl

- o . wRelsR Rev.
o 5 oty e
VS G W Z &, S
. -#-é—il— [fsz) [exp Yo 1) " 1] *E’é{] S (3):

nax

' ber; u = nv/kT; u = xn/kT; Xnvis'the ionization potential from the nth

. Grien®? shovs that the assuiption that the last bound state satisfiee the
. :".:Hequation
max

A'Qdiis conslstent with the expression for the lowering of the ionization
Ah potential AX used in the Saha equation. The factors E%f and (Eib) are

free-~free and free-bound- Geunt factors, respectively, averaged over the

The numerical values used in the celculation were taken from the tebles

. 3, of Kaxzas and'Letter.Q: The factor (gfb) denotes an average value of the

Gaunt factor, averaged over all qpantum levels with principal Quantum num-l

bers grester thsn nmax' The sun in the expression for kv repwesents the

4'._state. The number of bound states of a hydrogen atom located in a plasma % .

~1s finite becsuse Debye-shielding.effects produce a non-Coulomb potential.jfu 3;',

B

" various angular momentum states according to their ststistical weights.. v}f e
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- contribution to the continuum radiation from free-bound transitions (the? “i,fiiu,

i recombivation continuun). The first“expression in the séyare brackets

j'is an integral approximation representing the contribution from transi- <

fi tions by free electrons to the remaining negative»energy states, and the - ';

~f?i'1aat texm; gff, 16 the contribution from free-free transitions (brems-

;up‘ strahlung)

- and W_(5320)/W_(3225). ALl three ratios are functions only of the tem-

. Figures 4 and 5 show the ratios W (u861)/w (5320), z(u861)/w (3225),

perature, and are independent of the electron density. All three were 2
used ‘in determining the temperature of the plasma.
It 15 necessary to- Justify the assunption of LTE (local thermal

Y equilibriwn)t which has béen used in caleulating W,(1) and W (x)

f
/

. recombining plasma the popﬁlation densities of the excited states rapidly "..

In a8

lf:ﬁf reach a quasi»steady-state value, which may be different from the LTE

: ";f,value« The cbaracteristic time for this to occur . should be much less for T

\

the highly excitea ‘states than for the first excited state (principal

”f'_f quantum number n=2), as the inelaetic and ‘superelastic collision rates

increase rapidly with increasing principal quantum numbera One can eati- b

‘F:f;"mate fromreference 35 tbat this relaxation time for the n = 2 level for

. the conditions observed in this pﬂasma, assuming the plasma $0. be opaque

. to the lines of the Lyman series, is always less than 10” -8 sec. Since the

. observed characteristic relaxation time of the electron density and tem-’*{
pexature during'the'decay period 1s of the orderfof 10 1"'s‘ec;, vé’expect‘__'i
| that the density of excited”states'will'be'given'by their quasi-stead-’

state values, which bave been calculated by Bates and Kingston. 2" From




.,v "‘

.- lack of other sources of continuum radiation (such as the H ion), and the -

assumption of a Maxwellian velocity distribution for the free electrons. ."\. ‘

-8a- UCRL-11502 Rev.

1 B

their results one can. show that during the entixe observable portion.of

8
(n = 4) 1s sufficiently close to the LTE value to permit temperature

the decay period the density of states in the upper .'Level"'éf the H, line

measurements by determining the ratio of the line intensity to a continuum -

intensi‘cy- Only very late in the decay period can the population density ‘

L 4in the n = 4 level depart from the equilibrium value by as much as 20%,

. 'which wou;d ‘be reﬂected as & 5% error in the tempexature _zneasurement.

»

. l'.I.‘empera.ture and density measurements employing the continuum radia-

 tion mvolvé only the assumptions of a uniform transparent plasms, the

l

The last assumption is cextainly Justifiéd in the case of this plasma, &s
the estimated electron energy relaxation time is less by a factor of about
.'1.07 than the observed plasma decay time, and we are again permitted to use

LTE calcuwlations.

The hydrogen Balmer lines in the spectrum of the plasma are broadenmed .- - /.

primarily by the Stark effect caused by electric microfields of nearby -

ions. In this work we have used the H, profiles calculated by Grigin,

p

K Kol‘o, and Shen.25 These H, profiles are expected to have apn over-all

' detemined" experimentally by Wiese, Paquette, and Solaxrski.

p
B

-~ accuracy of about 15%, and agree very well. with H, line profiles récgntly "

26
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IV. APPARATUS AND TECHNIQUES FOR SPECTROSCOPIC MEASU?EMENTS

power radiated in

" Absolute measurements of the zﬂtennitquf the HB line and in' the two

. bands of comtinuum radiation were made by comparing the brightness of the

' plasma‘with tpe brightness of a carbon.arc used as & radiation standard.
As nuﬁerous experimental difficultics may be encountered in the course of
such measurements, we describe the techniques used here in some detail.
Figure 6 shows the experimental arrangement. Rediation leaving the plasma '
‘ through a hole in the conducting coppei screen in the end of the tube 13‘
reflected by the ehall mirror and focused by a quartz lens onte the

- entrance slit of & 3.4-m plane-greting spectrograph (Jarrell-Ash Model
JA=T102). There were.fiVe holes- in the screen at different radii; the ;?
small mirror could ie moved on ways in the direction of the arrows, se

o that light from any of these five holes could be imaged onte the enﬁfance-

s1it of the spectrograph. S . ':Hfg'“gf”f

Located in the focal plane of the spectrograph were three movable i:l,,f;ii
;.assemblies, each containing an adjustable exit‘slit and a photomulﬁiplier }:'n;njf
4;1:(EMI 6255B). Filters placed in.front of the photomultipliefs cut out a
.}7 gcattered light. Interference filters were used for the Hﬁ line and the fi“;:;ff
r band of continuwm in the'visible, and & filter (Caning Type 4=76) was R

used with the‘photomultiplier observing the band of centinuum radietion'.
; .in the ultravielet. .Ae the uv signal was observed in the second order |
‘of the diffracted spectrum, this filter also eliminated the overlepping-e
vfirst-order spectrum. . ;

~ The gain of the tubes was kept constant during an experiment by

'monitoring the amplitude of light pulses from an AR~k argon lamp mounted



',: this Laboratory, and provided 50-nsec light pdlses of extreumely oonsta.nt
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.‘. L . . . : »v“i:.v
within the spe_ctrograph and used as a secondary standard. i@his device,
27 ! ,

: ' descrided elsewhere, ' was developed by the Counting Research Group at o e

""""

. R /
T« ‘amplitude at a 60-cycle repetition rate. The ga.in of the tubes could 'be

: magnetic field was turned on could be observed and was mmimized Yy

'Akept constant to about * 1% during an experiment lasting several hours.

~ The photomultipliers were shielded against the fringing field of the Lok

solenoid 'by two la.yers of soft steel tu'bing and one of mumetal. With the o

AR-l lamp as a reference , the change in ga.in of the multipliers when the -

: . rotating the tubes in their mounts about their longitudineal axes. The

i small residual go.in change, not over 2 5% in any case , Was taken into

- ',-"account in the data analysis. These precautions were necessary because

S '.[‘;“the arc could not be made to run properly with the magnetic field on.

The signals from the'xmﬂ.tipliers were displayed on two’oscilloscope's o

+27 (Tektronix Type 551) and were recorded on Polaroid film. The display 6f

a1l three signals on both oscilloscopes permitted the same signals to 'be

viewed at different gains and sweep speeds. The signals , which were quite
“"“gra.ssy" in some cases due to the low light levels, were filtered by a

. simple RC networ}_: ha.ving a a-psec time constant, which was about one Pifti-

' eth that of' the deca.y time o"f any light signal observed fram the ple.sma.

A carbon arc, operated as nearly as possible in the ma.nner suggested A

28 29

' . by Buler,. was used as & radia.tion standard. Carbon electrodes
(Ringsdorff-Werke RW II) 6. 35 m in dia.meter were used as a.nodes, and
o graphite electrodes (United Carbon Products Co. grade U=l "Ultra. Purity")

3 17 mm in die.meter were used as cathodes. A persistent tendency of the |




" the screen could be calculated from the temperaﬁure and emissivity of the

" & rise time of 200 usec'waé used to simulate as nearly as possible the

-11- | UCRL-11502 Rev.
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&

. cathode spot to wander, introducing fluctuations in the luiinance, was

. - largely eliminated by painting the cathode before use with a dilute so‘.}lu--~ j"!

tion of sodium bicarbonate. The anode spot of the arc was focused by h";

"';“ second quartz lens onto one of the holes in the screen at thé'end of the‘
] tube, and from there by the first quartz lens onto the entrance slit of
" the spectrograph. Before calibration the quartz plate supporting the

" electrode was removed. The brightness of the arc image on the hole in

carbon‘andde (taking losses in the lens into account) and the bfightness

of the plasma could then be determined in principle by a direct cdmparisoq.l“-zf:7ﬂ

4

'When the arc was viewed, a shutter having an open time of 4 msec and i'"

pulsed nature of the plasma signal. Neutral density filters were used

» when_necessary t0 guarantee that the difference in intgnsity between the _
; arc signal and the peak intensity‘oflthe plasma signal at & given wave= L
;f_length was.néter more than a factor of 10. The linearity of the multipliers.i':
| was checked ih & separate éxperiment. With all these precautions, the '~
photomultipliers could be trusted to give valid comparisons‘of the brighﬁ-‘[‘l'i: :.

‘ness of the arc to that of the plasma with & maximum error of about 5%.',,-' -

The short- and long-~texrm stability of the entire system could be

“. determined by repeated measurements of the signals from the arc at the

three wavelengths. A seiies of five or six consecutive measurements of
the axrc sign&lishowed an rms deviation of about £ 1% at all wavelengths. -

The long-term stability of the entire system was determined by repetition

of this type of measurement six times during 2 weeks.’ The. average émgnaliémplitudei

A} Lot

B
1 .




. inT.j_preamplifiers.
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A ;u; ‘"[4

" (averaged each time over six consecutive shots) showed an;ims deviation

"% during the 2-week period of about % 3% at all three wavelengths, and shqi:ed

' '"f{ .no indication at all of a drift.

The HB profiles were determined es & function of time by an 18-

* channel "polychromator,” the predecessor of which has been described by

. Spillman et 1.0 Tme data, recorded on Polaroid fila, were from five .

.. dual-beam oscilloscopes (Tektronix Type 551) equipped with dual-chanﬁel

s {

The small monochromator shown in Fig. 6 was useidl to scan the spectral

regions of interest to guargntee that no faint impurity lines (in the case

[
i
1
)
o
[}

" of the plasma) or molecular band radiation (in the case of the arc) were

| superimposed on the contimious spectrum. Although & number of very faint :‘;.fil
fi and unidentified linés were found in the gpectrum of the plasma, "winaows"'ﬁ:lfi
»;fifbetween them were of sufficient width (5 to 10 &) to make '«ml'z:L:cxderec?(''’:j

. i obsexvation of the continuum radiation possible. .

.oy " . v/ . Il A
i !

. i §

' ('

V. RESULTS

A+ Estinmate of Longitudiﬂal Homogeneity by Side-On Observations
Most of the‘sﬁectroscopic observations were mace by looking into the 3

- end of the tube; and so0 yielded values of electron density and tempera-

s ~ture averaged in some senée along the line of §1gﬁt. It was imperative,

L therefore, to make some estimate of the longitudinal wudformity of the

o Plasma. The longitudinal uniformity of this particuler plasma was already = =

suspect, as Kunkel and Grossls'showed thaf_a hydromagnntic\iqﬁizing wave

of the type used to produce this plasma ié’campressive an§,must_necessarilyl

NI

v
:'l
\
-
I
LR
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be followed by a rarefaction wave. oy

-To investigate the longitudinal uniformity of the plasma, we drilled

| 'Q._:five l/2-in.-diameter holes in the side of the tube and sealed them with

thin quartz windows- A mirror mounted at an agnle of 45 deg on a movable
'.‘ carriage allowed light from any of these five holes to be reflected along
a line parallel to the axis of the tube to a detector consisting of a

= photomultiplier (RCA 1P21) and an interference filter.. To make relative
vdensity measurements as & function of axial position, an intereference

h ]

filter baving a bandpass of 9'3 centered at 5305 X wag used. The tempera-{

. . ture was already known from preliminary measurements to be about 10 000 ).

"From Fig. 5> we see that the power radiated per R 1n the continuum for this
, : H
temperature and a wavelength of about 5300 R should ve very nearly propor-?

B 5;! tional to the square of thé ion density (since N, = Né in a hydrogen plasma)

i
*  and almost independent of the temperature. At each window five shots were -~

taken, the signal amplitudes averaged at various times, and the square root'

of the average signal amplitude (corrected for geometrical effects) wa.s ;[

';_ plotted against axial position- The resulting profiles, which should be

proportional to the ion density N averaged in: some way over "the diameter - .

i

| .. of the tube, are shown in Figs. 7 and 8.

_ At 20 usec the hydromagnetic ionizing wave'is still proceeding down

“‘f;” the tube. The rarefaction wave following it is obvious. A sharp Jump in ,ﬁ?';f

. J:? the ion density occurs at the end of the tube at 40 usec, when the ioniz-

ing wave strikes the screen. . This perturbation disappears in about the )
~ time taken by an acoustic wave to travel the length of the tube (40 usec);._' ;
and after 80 usec the maximum nonuniformity of the density is + 15%.

Temperature determinations as & function of axial position and time
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: _' were more ambiguous. Measurements similar to those descri’bed above were -

" also made by observation of the Hy line. The temperature variation vith .

. axial position was estimated from the ratio of W ,(4861) /W (5305). The

"+ results indicate that the varistion of temperature with axial position '

. of continuum centered at 5320 R We made these measurements’ looking end- ¢

is probably less than * 15% from 80 to at least 200 usec.

" B. Comparison of Ton Density as Measured by Stark Broadening of

the H, and by Absolute Intensity of the Continuum at 5320°R
154 Lo

. As & check of the ion-density measuring techniques, we simultaneously

measured the broadening of the Hﬁ line with the polychromator, and made'

" absolute measurements of the power ra.diated in the HB line in a S-R band - ll

" on at & radius of 35 mm, using the beam splitter shown in Fig. 6. The

L HB profile at 150 psec on & typical shot is shown in Fig. 9, and indicates -

. -an ion density of 2.4 x 1015 =3 o The solid curve is a "'best-fit" the=-

oretical profile of Griem, Kolb, and Shen. 25 The curves were fitted to ,
iy

the experimental line profiles by a computer by means of a two dimensional .

| (4n intensity and ON) least-square curve-fitting procedure, and with the
a.sswnption of & temperature of 20 000 %. | |

Agreement between the experimental points and the best-Lit theoretical
© profile was genexrally very good- We never observed the dip that occuxs
m the center of the theoretical.- HB line proﬁles. It is iikely th&t I"bhe
dip was £1illed :Ln by ra.diation from 1ow-density regions in the plasma
: 'bounda.ry.' Both Doppler 'broadening e.nd instrumental. brogdening were small

compared with the Stark broa;iening, and were neglected in this analysis.

i
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"le;;ff _An estimate of reabsdrption at this radius, based on a‘coﬁiarison of the

5:7::;‘ :;T'intensity at the center of the HB line to the intensity of a blackbo&y ., ?
‘ radiating at the plasma temperature, indicated that the intensity at the |

| center of the line might be reduced as.much as 10% by reabsorption at 200
' ;;“§ec’ and less at earlier times. This small amount of reabsorption, . J'}H'
" affecting oﬁly the center of the line, would bave a négligible effect on

: the‘vélue éf ion density dedﬁced from the line profiles. The slight axial;:
D . . ,
';:fﬂff' . inhomogeneity present after 80 psec probably also would bave no visidble |
N - effect on the liné.profiles. ' | '

The temperature as a fuﬂction of time for the samé shoﬁ was calcu= - " -f!j&é‘

oo
lated, with the help of Fig. 4, from the ratio W,(4861)/W (5320). Fram . ** . ' ..

.52; ...these values 6f {the temperature and from the abséluta continuum measure=
\;u:‘ment the ion densitj was calculated for the same times, ag#in with the
" help of Fig. 3. ' ! .
Figure 10 shows the ion density meésuréd by the two methods &s.a _k: ; ;;'i;i3§
function of time for this particular shot, with estimated experimental i |
o erxors. Thg values of the ion density.determined from the HB iine pro;
files have been corrected for T 4 20 000 % (about a 10% correction).
" Although the values ofvthe.ion density as measured.by line broadening
‘:-i; were consistently somewhat higher than those determined fronm thé cdnm

"¢ tinuum measurements, the two values agreed in each case within the estimated 7']

'ﬂﬁ;"il"fug‘ errors. On the basis of this generally satisfactory agreement of the two
. methods, apparent alsé in othexr shots,'it was decided to make all further
ion-density measurements by absolute measurements of WE(X), as this method

required much less effort in the taking and reduction of data.
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C. Radlal Distributions of Temperature and Ton ‘Density

o o T : as Functions of Time

The ion density and temperature were determined as functions of t:lme
~at five ra.dii (corresponding t0 the locations of the holes im the copper
' .'screen) from measurements of ‘Wz(h86l) and of Wc(k) at 5305 R and 3225 R.
The bandwidths were 50 £, 11.5 &, and 4.0 &, respectively. The volume |

‘of plasms. o‘_oserved was approximately that of a long tapered tmncated |

. prism, perallel to the axis of the tube, and with bases 1 by 10 mm and
.5 by 10 m. | |
RERE At each radius and time, three values of tne ztempera.ture were calcni- ! L
KRR - lated from the three possi.'ble different ratios. At a given time and radius, :

' these three values usually agreed quite well--within 20%-- except in two

' eircumstances: (a) early in time (throughout the tube), while the cment'
was st111 driving the ioniz;h_zg front down the tube, and (D) late in time |
(near the outer wall of the tube). In the former case the reason for the - :
- @iscrepancy is not known. The extreme nonuniformity along the line of o

.E':A / | sight, or large deviations from thermal equilibrium existing during the - "'
‘ ionizing phase, may .be responsible. TFortumately, in this study the early " "‘"‘:":
hietozy of the plasma is not impontant. The disc;‘epancies near the‘wa.ll.‘ |

~ may be caused 'bry three different-effects. 'First » the tempemture and ;;, R

degree of ionization were always sufficiently low in these cases tha.t radi-
;'-‘..;.t_" © - ation from the formation of the H ion showld become noticeadble, cone-

tributing primaxily to the continuum 1n the visible spectrum. Second, it

I 13 pm‘obably that the Hﬁ line 1s appreciably reabsorbed under these condi-

" tioms. Calculations show that 'both these effects are lik.ely and consistent




S temperature near the tube wall are indicated by brokean lines.
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with the observéd discrepancies.sl Finglly, it 4is also poésible that

some impurity from the tube wall foundvitsbway into the plasma, producing - .?;;ﬁ55
line radistion that somehow had'éscapeg detection. If.at a given radiusi |
.and time one averages the temperatures obtéined from & given method for'u"
. six consecutive shots and compares this average with similar averages .
,"'-fram the other two methods, one finds the average temperaturés usually
© agree to within + 5%; this agreement indicdtes small systematic erxo%s,'
except 4in the two,:egions discussed above. The results are ;ummarized

" in Fig. 11. In Fig. 11(c), (a), and (e) probable values of the actual =~ = = - :fj

At each radius and time the ion density was calculated from the . R
 measured value of WE(SBOS) and the measured temperature. The rms devi-

ation from shot to shot of both temperature and density was also about

- 5%, If the results of Null and Lozier32 had been used rather than those

e 20, 34, 60, 80, 116, and 164 usec are showa in Figs. 12, 13, and 1lk.  Each .f 5]f}f

| :7'.5 point represents an average of six shots. Also shown in these figuxes, ' o

._of Euier28’29 in the calculation of the luminance of the carbon arc‘used;
as a radiatigﬁ'standard: systematic differences would be introduced in
the temperature and jon-density measurements. The 'best values" of tem- o
.'pératuré snd density would be changed by only about 2% and 5%, respectively, vlﬁn
!however. B ' ‘ | . :

The radial distributions of temperature and iom density at times of




.
W

, and 10 the same scale, is a typical series of six framing»camera pictures

taken at these times during a siggle shot. In order tha ;vhese pictures |

. “f“l<§{ could be taken, the small scenning monochromator shown in Fig. 6 vas re= ,

i placed by a fast Kerr-cell framing camers .(Electro-Optical Instruments, BT

v_”~Inc., Model No.'KFC~600/B).. The exposure time was 1 psec. These pictures
AR were taken in total visible light; pictures taken in HB dight with sn
, “W5"i. the screen. The dashed portions of the curves indicate that the tempera-ﬂfﬁiil ;
;fmfii*{};'tUre and densit?‘measurements'are unreliable. In these cases the redial:~f" -
distribution curves were extrapolated smoothly to zero at the tube wall

~t

,: with the best values of the temperature and density in that region used [

b
L]
L]
[l

(ugffi{ as guides. _;t“”: e 'Pas,’:
e VI. CONCLUSIONS -f;;
.A; Spectroscopic Technique ﬁ;
The res%lts described in this paper'demonstrate“thst‘measurement ofr ?;ﬁﬁiﬁﬂf
.%Tff;spectral intensities can be used as & reliable technique for the deter- .:T;”ui

" mination of electron temperature and density in a plasma, provided the

Ui following conditions are fulfilled-

(s) -The plasma should Ye transparent in the’ spectral region studied.iﬁr"nl

;? »This is often easily verified in retrospect, but it could of course be - ‘
t‘;checked by a separate transmission experiment. As a- corollsry conditions _ tffJ
,lvﬂéfﬁfff; should be uniform along the lize of sight or at’ least bave. & distribution f‘;: ;t"
‘ ‘:“: for which corrections could be msde. ‘ - | B
| ‘» (b) - The spectrum.must be known in the region_studiedt’fay this'we

oA

ey e s
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interference filter were very similar. The bright spots are the holes in B




o . tinuum suspected in the cool plasma regions of the yresent experiment was
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mean that all species involved in the emission must be téién into account,
y

il.e., 10 uncontrolled impurities may ihterfere. In this. sense the HE con- ;]5" 

treated like 1mpurity radiation in thia paper.

(c) The emission process must be well understood, i.e., transition
'probabilities must be known. Therefore the method is best suited for
hydrogen plasmas. ‘ ’

A(d) The populstion of the upper state of bound-bound transit;one must be
in thermal equilibrium with the free electroms. If LTE is lacking, useful
information may still be gained provided the excitation processes are known '

f
‘well enough that the population densities of excited states may be calcu- {

: l&ted. It is presupposed, ‘of course, that the electrons have a Maxwellian

energy distribution. .
(e) The emission must be aufficiently intense and reproducible, and the

e

; detectors must remain thoroughly calibrated, to permit' the gathering of mean-.;;
-ingful qpant%pative data. These last statements seem trivial but it appeared~‘l
than any one of them may easily'be the limiting factodr in a given experiment. 3'f
Violation of any of these conditioné will cause discrepancies between‘x ﬁ{ﬂi:”
ﬁarﬁmeﬁers inferred from differeﬁt neasurements. Convérsely, we believe
 that. mutual agreement between various measurements is a strong indication-
tbat these conditions are satisfied and hence that the inferred values
are feliat:a. For instance, it was not possible to arrive at an unam-
biguous electron temperaturé before the lonization front had reachéd the |
end of the tube. We suspect that whilé strong currents are flowing and

while rapid iomization buildup is in progress, condition (d) may not be
"fulfilled. The uniformity mentioned under (a) is of course also & very

.pooxr approximation here. Likewise, viewing along'a dismeter yielded

t



,,;“ . somewhat unreliable temperatures, . "_ because of [

"' the values of the temperature as measured by the three methods (see Fig.

~20- UCRL-11502 Rev, _ - -

&e radial non= .

i'vluniformities. The electronodensity measurenents based on Fig. 3 are /V"f* ,

v

iV'Aa'clearLy not as sensitive to temperature gradients in the region between

10 000 and 30 000 K and therefore yield an almost linear average along

'!tbe Line of sight. On the other hand, the generally close agreement of |

1;).18 avidence that excited states of neutral hydrogen atoms in the plasma R

A ]

“»i are in equilibrium with the free electrons down to the n = 4 level at leaef,
" and the consistent measurements of the ion density by ' continuum ° R
52-'meesuremente and by Sterk broedening of HB give confidence that the emission

, ‘ {
processea are understcod. . o : l

B. Plasma ‘ ' (,'A,.i';‘. R

[

The res:lts shown in Figs. 7 to 1k suggest a number of concluaionsj'i'

concerning the plasma under‘inveetigation, As mentioned before; the be}j

* . haviorxr Bhﬁinxip Fig. T is at least qpalitatively'in good egreement.with'f

it

. the mode! for the propageting;%reakdown that bad been called "ionizing ?3'
. switch-un vave. "2 Also,‘the‘felaxation time for the longitudinal non-
. uniforiities is consistent with the idea that pressure balance in this - ;.

e,direction is‘abproacheé at a rate governed by the speed of gound. On

vu.?-the other hand, Fig. 8 does not convey the impression that the plasma
+7. decay is dominated by streaming or diffusion toward the ends of the tube.
". We must conclude that undetected boundary layers exist at the end PlBteB-.Efff§~-;t v

7ﬁf_ which aupport.large temperature gradients'and through which the pressure e

is conshanto Since these layers were not discovered when viewed through’

the side ports they must be quite thin, i.e.,less than & few centimeters.i

! . ;. I

14 -
. le.

oot
.
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A cxrude model for such a thermal boundary layer, based on»estimates of

the thermal conductivity of hot hydrogen, revealed that the growth in

thickness would indeed be swall during the time of the experiment.33 The

existence of a thin, poorly conducting layer had already been inferred

from the nature of the reflections of Alfvéh waves. 1,9

According to Figs. 12, 13, and 1k the radial discharge used here

'produces a Cylihdrical plasma with a core of relatively low ion density.

*

It is cleaxr that the axial magnetic field is sufficiently strong to pre-

vent the formation of & Pinch on the axis of the tube. Nevertheless, the

" lack of Plasms in the "shadow" of the anode is a little swrprising because‘ 

the resistivity of the plasma is high enough to permit penetration of con:% o

v

siderable current to the tube axis during the discharge pulse Qv 15 usec)

‘Tt 4s, in fact, not justified to conclude that the plasma corebhas & rela-

tively low degree of ionization. Since in this region the ions can cer-

if tainly not be disappearing by diffusion, we can use the calculations made';

by Bates,et al.Bh’35 for the neutral densities in the steady state to

“estimate an initial degree of ionization of at least 75% near the axis of
'j; the tube. It appears therefoxre that the central region of the tube suffers:

.é‘cubstantial loss of material by some form of ;mnmLPut, caused eithcr by

centrifugal action during the rotating pbase of the discharge or by dif-

. fusion of the neutral species into the hotter annular region of the plasma.

~ At the instant the propagating breakdown has reached the far end of

" the tube, the main body of the gas most certainly is very highly ionized.

Since the neutral density was not determined directly, the exact value of
the degree of ionization cannot be given. uHowéver, fhc circumstance that

v -
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:3‘i£l:: the conditions assumed by Bates et al.>? should e fulfilled in this case"
: .fi would indicate a neutral density at a radial position halfVay between the'Q
.: elf;tl”axis and the tube vall of at most & few percent. "
| The most important inference drawn from Figs. 12, 13, and 1k is the

absence of rapid plasma diffusion across the magnetic field in spite of

substantial density gradients. If radial particle transport were sig-

| nificant, the ion density on the axis would be rising rather tban decfeas- '

4F'5' ing under the existinglconditions. ‘Of'course,vno anomalous diffusion is :’&;li?E ff?ig
%ﬁi,i,expected in this collision-dominated plasma after thevdiecoarge'current ‘ﬁ:éﬂ;iflﬁ:ff
'ftiffhas died down. A look at the temperature distribution, on the other hand, fi?”é%i;i?;
- T*Aireveals that the plasma cools primarily vy radial energy-transport to thev% ‘:Héf:‘ﬁé;
cold tube walls.~ The decay of ionization must then be due to recombina- _:r';L:;i

tion in the volume. A thorough discussion of the state of the plaswa and . e

the nature of its decay 18vthe subject og a separate publication}‘ We may v?zfiff{f”

"ﬂ indicate ‘here merely that the decay coefficient y = -.(dN /dt)/N 2 deduced .

‘vil from Fig. 10 br from more complete data lies between 11.0'12 and 10 -1 3/sec gffx“”

and 1ncreases rapidly as the temperature decreases, in good agreement with

= ‘1; predictions from reference 35, ' f g f f
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' FIGURE CAPTIONS

“Schematic diagram of the apparatus used to produce the plasma.

Normalized power radiated in the BB line W ‘(1&861) as a function

‘of temperature.

Normalized power radiated in 1 X of the continuum at 3225 R
and at 5320 { as a function of témperature

Ratios W (h86l)/w (5320) and W (1&861)/w (3225) as & function

’ of temperature.
" Ratio W (5320)/w (3225) as & function of tempemture

: Schematic diagranm of the equipment used in making apectroscopic‘.}:

: \
o

measurements.

Ion density (arbitrary units) as & function of axial position

‘at 20 usec (o); 40 psec (o); 60 usec (4); and 80 usec (4).

Ion density '(a.rbitrary units) as a function of a.xial-position

~at 100 psec (e); 120 usec (0); 140 psec (a); 160 nsec (A),

'.‘180 peec (@); and 200 psec (o).

p

 The H, line profile at 150 usec, indicating, for this pe.rticular” PR

. shot, an ion density of 2.4 x 1% en3.

10

- Ion density as determined by mea.summents of Stark 'broadening L

(—-—) and continuum measurements at 5320 R (---) on & single

shot. Estima.ted errors are shown.



Fig. 11

Figg 12

" and density at (a) 116 and (b) 164 psec.

end W (5305) /W (3225), respectively. ‘ | ‘. LR

/;
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Three diffexrent temperature determinations as a function of o v A:
" time at five radii; line of sight vas pe.mllel to the axis e
g . y ,'."", '
of the tube. Each point represents an average of six shotse ﬂ{ S
! . : A s i

The solid circles, triangles, and open circles refer to the T {'.f
temperatures deduced from W (h861)/w (5305), W l(h&él)/w (3225),

End-on framing-camera pictures of the plasma at (a) 20 a?d‘ ‘{
(b)lih lisec, with the average profiles of-temperature and ion

- density at these times. | g
End-on framing=-camera pictures and radial profiles of temperature - ‘f

s
3]
1

and density at (a) 60 and (b) 80 psec. - AT

- End-on framing-cdmera pictures and radiél Trofiles of temperature  ,'J,vfﬁ:
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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

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 1in
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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