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A STUDY CiF HYICROCEN LYNES OROADEWNIG IN AN INTENSE IMPULSIVE DISCHARGE

by

A, N Babin, C. Y, Lukyanov, A A. Severny, G, G, Sidorov, V 1. Sidnitsin. N.VY Steshenko

Abstract

Spectra of an intense impulsive discharge in hydrogen have been obtained by
means of a spectrograph with a diffraction 4chelle-grating (dispersion 1.S A/mm).
A. spectrophot,metric study of the brnmdening of hydrogen emission wings (Hot -
1I1' ) gives the following resu~ts•.

a) When obsorving the spectra of a self.contracted discharge in a perpen-
diculai direction the emission of hydrogen line wings (extending to 30-40A) is
broade;•e6 due mainly to the linear Stark effect (the initial pressure po v 0.1 -m Hg).

b) At p0 a 0 S me lig the emission extends to SO-80 A and is broadened in
the witng, probably due mainly to the quadratic Stark effect,

c) When the spectra are observed along the plasma discharge the broadening
of hydioger 3a.•ssion i1 the wings is due to macroscopic plasma motions with
volocxtitt;ý I08 cm/sec, The intensity variations in the wings are well ex-
plalneoi L.y the supposition on directed plasma motion of the jet type along the
axis of d'1scharge with velocity gradients.

J) in observations outside the axis of discharge the broadening of hydrogen
emissicn (at 0 & 0. 1 w lig) ia the transversal as well as the longitudinal
directior• (near the discharge) is wholly due to the linear Stark effect.

A cpaparison of the above results with data on omission broadening in
lines cf solar flares points to an analogous. cause of broadening and a relation
between, the character of broadening and the direction in which observations are
made,

INTRODUCTION

Spertra of hydrogen emission in solar flares show a remarkable likeness
to spectrn of high-temperature hydrogen plasma gloving in impulsive discharges of
great inten!4ity; in both cases there are observed bright and extended wings of
lines Isee for example Fig., 3) and also a sharp fall of the "strength" of lines
(total eiergy emitted in the line) with number of the member of the Balmer series.
This ,:irc.umstance, and also some facts and considerations testifying to more
profound anAlagies (if there is no resemblance or likeness - see for example [I])
betweer 'olvir flares and laboratory pinch-effect (self-contraction of current-
dlscharge) prompted us to conduct investigations of spectra of intense impulsive
discharye Ir hydrogen by those methods that we found more or less successful
in the stud)y of the ohysical processes on the sun,. Possibly, the similar
appliat-.on of specific astrophysical methods and modes will turn out to be useful
also for the determination of important diagnostic problems of the state of
3aboratory high-temperature plasma.

Spectroscopic studies of intense impulsive discharges in hydrogen were
carried nut in works (2.4]. but the use of spectral instruments of low dis-
persion rmd resolving power (ISP-5) appreciably limited the possibility of
studying these profiles of hydrogen emission of plasma, with the exception of
the very brad line H& , the wings of which, according to 131, stretch to
20 A.

Pre•ii•inary scanning of the spectra (see [13) indicates that similar broad
wings nrý 3e only ax the moment of "first apparition" (time I microsecond) - the



rnaevi ,o' ai:Jimum cosmpressin of plasma discharge (first dip In oscidlogram
mt th•. same moment a flare-up of continuum occur", owing its origin

6e, hrak'nz of raditaion of free electrons in the plasma, Until the moment
of maxi~rim compretsion and after it, the broad wtngs of Hc,. are nractically
abtien, -ind the halfwidth of the line is on the order of several Angstroms,
Th.i crtum,4tance makes po!,shle the study of causes of roa•dtinng of wings

S inr by Means of phor'4 ,!h.. of discharge %pectra . :i:;i. the whole time
of ifts 4zisl.ance (withotu Qse of preliminary scanning), and even - by means of

-nsec:st0te nhotroraphy of ,ame discharge - the positive cheek on Its identity
ivs rega-11d% compression in the chamber and oscillogram current), In its

-urn,, th". ,oonsiderably facilitates the possible use of spectral instruments with
'nrge 1i:.eres•on ind high resolving power, and this allows us to conduct accurate
hor,�:-ic stodics of nroffies of hydrogen emissiorn, hearing In mind the far wings.

TUe central part of the profile, in regions several Angstroms from the
center o4 the line, is formed, apparently, as a result of superposition of
emissions occuidng in various stages of development of discharge, and probably
hwvirp different characters; hence, remembering this effect of superposition,

*t t'.k ,...•.,snarv to have care in drawing any conclusions on the central portion
The i-ifi1le obtained by such "integration" according to time

w't,, in th,• prc'sont work, we examine the problem of broadening of hydrogen
i ,, ip to fl'e point where success of further quantitative analysis is

:',,,e Without know.edge rf the mechanism of broadening of spectral lines.
h r bcthpre rxi.-t reieated q.xalitative inications that here broadening of

.. : •mi.sioll is casued by linear Stark effect, it would be impossible
A r.., er., the possibility of the effect of other mechanisms conmected

.Pth --'•on i. plasm,_ "turbulence," and other causes having a character
k11.',tiY.L ieeiprclt:IY,. Besides, the possibility is not excluded of difference

ri mec. -i~rn )f brnadevvng in various sections of plasma discharge and in various
,,.'C!,T 1 3'el-a.ive to the anls of discharpe, All of these consideration!ý were

?, i ,fro a:c-iunt in carrying out the experiments (see Section 2).

1- APrARATUS AND METHODS OF MEASUREMENT

rfl instrartent for obtair'ing di-charge (similar to that described in [2])
r it1- of s-•citor battery l with general capacity C a 32.4 microfarads

. .) ,oltagir U0 - 30 kv (Fig. , The periodically damped discharge
•'•id* .hamher 9 is exc" ted by the impulse voltage feed on the discharge apparatus,
',;cha,.•'f c0,amber 9 is manufactured from ceramic tubinp with an inside diameter of
W z fhe dittapce between rilectrodes 14 and IS is 980 ami. In one of these

- l1, there a-e openings for obs.ervations of discharge along the axis of the
,-im , the chaaber are mounted two noeele-type fittings on one side (12,13)

!,il t- .--t thm end (lO,,), One of hJiese allows us to observe plasma on axis
1Qt:.e 'And •crofs) and the other - to one side of the plasma discharge (along

11h at-f t•e ,pmber or across), Chamber 9 is surrounded coaxially by a
r-.We: .- linder ftkr reduction of inductance in the oscillatory circuit, Capacitor

•,3t#.3rt '(, is charred by a high-voltage rectifier. The current passing through
the eitudler is measured by Intogration of Rogovski zones, The relation of

:••PPT•. t-o time is recorded by the impulse oscillograph OK-17 (18). Filling the
!•el ith hydroger, Is carried not by the system for filll.-. and filtering 20,

con tal iig - alladium filter. accumuXator and reservoir for gas dosage. As a
r,relW-;rry the cell is evacuated to 10-5 ma Hg, Natural leakage in the cell
takes Arice due to generation of gas by the wall of the chamber, and does not
exceed (0 05 S• nc/sec . Before the experiment the cell was preparad for de-saeriation
nf the wIal hr a series of discharges. The usual value of amplitude of discharge

strnt-er 44,s art)und 500 ka.



J"shargm ,;i -. t &viid wý.Lh the ,tdd of an !chai I spectrograph, the basic
•t emeI.s of wh;T! - 3..6 ) a'e g•ven in Fig I . Rgdi.ati'.n in th.e studied contents
o Me! disc)arqe rhambev i-4 T*%oj,ýcted oa s!it 6 of tht spýttrograph by means of
plane mirrors 8 and 7, ::o that concave :ollimator mirror S (w.th specially
selected relative aperture d -u to cm, f a S m) is filled with light only from
the conitent. of the discharge chamber, fielding a cylinder of etametor t.,4 cm
(order of the dimension of comprossional discharge) in the direction of line of

sight, A parallel pencll of rays fr:rm the collimator mirror falls on the
Echellt diffraztion grating 4 (descr:i.bed In (5]) with a concentration of light in
the 39th to 65th order for visible parts ef the spectrum, and thrnce passes
twice through prism 3 of" fused quartz. with a refractive angle of 12*, The
prism served to attenuate various orders ia a direction perpendicular to the direc-,
tion of the dispersion of the Echello, and let pass all emission wi•h wavelength

>• ;'OOO A, Thu imngý, of the spectra obtained in this way was formed on
rhotc.pa,,e I by ce~i mirror 2 in its focal plane,

.3n Fig,. 2 is given an example of discharge spectra obtained cn the Echelle
spectrograph with initittl pressure pow 0 5 mvn Hg (observation along axis of
discharge). On Fig, 3 to the left are given enlarged photographs of Balmou lines
of discharge (PO = 0,1 rim Hg, observations perpendicular to axis of discharj7e ) and
to the right - photos of' the same lines ir spectra of intense solar flare of
20 VII, 1959, Spectra clearly show all BUlmer lines from Hc:. to H (sometime.;
4? is outlined) and a nmumber o- other lines in admixtures., Spectiograph dis-
persior 5.n the red part is 19 A/mm., Tie limiting resolving power of the
spectwtg.graph (nalf.width of instrumental rofile) is 0,25 A,

We. see that the wings of hydrogen livres are very broad avid stretch to 50-70 A

(for a-ox ), so that in order to obta:in :oirect, non-distorted profiles it is not
necessary to use the narrow slit of -he spectrograph. If, in the solar spectrum,
lines w;.*h widths of r.-A 2 A can be obtairned without distortion caused by smooth-
ing (be•ause of the finite slit width) sith slit width of 0,02 A (equal to width

of instxmental profile', then for broad hydrogen emission of discharge a
suitebie slit wddth will be -,0OS -- I A in the focal plane of the spectrograph
chamber ,./!0 hlfwidth of lines that are 5 - 10 A); for a dispersion of
2 A/a t04is gives 0,2S r 0,5 mm for projection of the slit in the chamber, and
since chc focal distance 6f the chamber is roughly 2 S less than for the collimator,
the width ef tle entrance slit will be 0 6 1 1-2 am,

4c: tmorked with an entrance slit equal to 0.S mm, Thus the distortion due to
smooth0ing of the profile. owing to thi finiteness of slit-width will not be greater
than the usual photometric error for solar lines. We should point out that line
profiles we obtained with a wide slit equal to 4 mm (-.. 3 A on the plate) show
considerable distortion:: the wings were more gentle than with a "normal" slit,
and ,-re more gentle the narrower the line (for example HS . H ) since here
di.tcrl ln due to smoothing naturally counts more than for line1 so wide as Ho

]he great width of hydrogen lines makes necessary a calculation of possible
distoition of profiles connected with the effect of vignetting of the field
by change of spectral sensitivity of the plate in part of the spectral lines,
by charges, in this part, of the concentration of light in a given order of the
Echelle, ant 6y other potsible photometric non-uniformities of the field. All
of the e-rors can be ca.!culated if we carry out photometry of spectra of some source

of light with known distribution of intensity. We used the center of the solar
disk as suct a source, the spectrum of which was photographed on the same spectro-
graph by means of the coelostat inst.ument of the spectrohelioscope, in which the

entire system was accoamtodatd For lormation of the solar image a mirror was

used on 1'he spectrograph slit, so that the distribution of intensities in
the solar spectrum did not undergo distortion in the studied band of the spectrum,



•ist •fa� .�o• ie,, ii' the solar spectrum is taken according to Mulder's
aeye-age curve3 ro

The distribution of intensities in the solar spectrum, measured according to
calibration spectrograms, gives us, - within the limits of each spectral band
of the Echeole-, some function in the form

1~ L)/0 (XO) - kl

if intensity is expressed in units of intensity for wavelength X0 ,1 On the
other hand, accordinR to• Mulder's curves, we establish function

I( , ) / '(Ao) - k2 ,

which would take place in the absence of photometric errors in the fieldW Ratio
k Ik is some reduction factor; it was constructed graphically for all portions
14 lines around 150 A containing the studied lines Hot -. HE By mean% of
such reduction curves we can find the disfribution of intensities free of the
influence of photometric and instrumental errors of the field,. If the profiles
are asymetric and have irregular form without the calculation of these errors.
after calculation they are even and practically symmetrical. Similar calculation
of errors is very essential for correct judgement of asymmetry connected with
motion of plasma

Calibration of spectrograms requires an exposure of step-wedges with
the same exrosures as the duration of the discharge (PlO microseconds).
The main portion of the spectrogram is processed by leans of characteristic
curves obtained by direct photographyof the discharge., Toward this goal plate
11P-3 (with the same sort of emulsion as that on which spectra were photographed
and with close sten-wedpes and coloured filters superimposed on it) was mounted
at a distance iround 2 mi from the window of the discharge chamber, and this plate
was lit up by radiation of discharge without use of projective optics. For pro-
cessing of portions of the first spectrogram we used characteristic curves ob-
tained by photography of the center of the solar disk on the solar telescope BST
through a step-wedge and coloured filter, with exposure of around 100 microseconds,

In all of the present work there was no need to find absolute intensities.
Intensities of all lines for each plate are expressed in units of central intensity
of lilne HE (In those cases where discharge was photographed several times,
the central portion of lines so intense as H" and HS were found to be over-
exposed, which made difficult the presentation of pr6files in units of central
intensity of the same line; hence the intensity of the center of Hr . the photo-
graphic density of which always fell in the middle portion of the Eharacteristic
curve, was taken as unity.)

In cases where an emission line is observed on the background of continuum.
as is noticeable on the spectra taken with high compression (0oS Hmg), correct
calculation of the background is necessary. Calculatioi of the background is
carried out by means of photometry of spectra of adjacent orders not containing
broad lines; for these are obtained distributions of intensity free of photometric
errors of field (as in cases of portions containing lines), and thereupon averages
are calculated for two bands to the blue and red sides of the given one. This
distribution (see for example, Fig. 7) is calculated from distributions for
studied portions containing emission of hydrogen lines.
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1 DISTRIMtYTION Of INTENSITIES IN WINGS OF BALMER LINES

,he progia- of measurement provided for obtaining z; series of spectra
aicro5, the axis of discharge (wArk_.L) both in the center (:n the direction on-
axis ' "center") and on the periphery of discharge (to one side of axis - "off-
center"), and also a series of spectra along the axis (mark 11 ) both along
discharge ("center") and parellel to the axis but to one side of discharge ("off-
center') on the periphery of the discharge, In a majority of cases it was
necessary to take from 3 to S discharges successively on etch rnate in order to
obtain all !ines (Ho -. HE ) and to construct reliable curv':s of lines. For
verification of the effect of compression, such a series of measurements was
done for compression Pa equal to 0.,1 and OS am Hg- All data on the processed
spectra are given in Table 1. Here in the first column is shown how the observation
was carried out with respect to the axis of discharge, in the second is given the
nlate iwmber. in the third the number of discharges on the plate: in succeeding
.-.clumn arr crntained resulto of the measurements (see below),

Table I

Pinch ?,ate 1o, .4o, of Coefficient of inclination of straight line k
D schargtis 11 a< H P Hv H

Pressure p0 * 0 1 mm Hg

Cer "er 4 1 135 2.3 212 2.6
£center 113 20 215 2,4 2.3 19
.Jcenter 128 5 2.2 2,3 2A1 2o3
.Lconte; 131 5 2.2 2,0 2.2 1i8
1i center 114 S Sharp deviation from Stark broadening,
jI cento-, 135 5 Broadening of emission caused by macro-
11 cvnter 146 5 scopic motion of plasma

_A.oi"fo 1.nte 117 5 2,9 2..9 2.3 2,1
JLoff-center 133 S 2n6 3,2 2,6 -

.Lof f-cnter 134 S 3.1 2,7 2.7 o
11 o•f cente:r 104 S 2,8 310 1.9 2.S
itoff'c-ntar 143 5 274 341 2.4 1,19
il oif'f;snttr 144 S 2, 4 3.2 3.6 -

Pressure pO u 0.5 mm Hg

-Lcenter 173 3 1.6 1ý9 2o3 2.2
.Lcenter 178 3 1.6 1,9 17 -
L.,center 179 3 1.6 17 - -
;lcenrer 157 3 Sharp deviation from Stark broadening.
f1cer.r.e" 153 3 Broadening of emission caused by macro-
iceWter 1S9 3 .1copic motion of plasma

On Fig 4 ar- given, as examples, profiles of Balmer emission from the center
of discharge (self-compressed discharge) for observations across and along the axis
of the chamber, obtained with compression Po a 0.1 m= Hg. Direct comparison of
proflie' of emission in discharge obtained across the axis with profiles obtained
alonr the axls shtws considerable difference in theo: a) the intensity of wings
by compartsor to central intensity of lines H1 K and H. i.e relative width of the
wings of lines for observations along axis is apprecibly g;;;ter than for
observat.ons across (He. for transverse discharge is over-exposed in the center
since iti cent-al intensity is roughly 60 times greater than the intensity of

S



HA. ; the ir30. of ityestities for HS and H1  is enlasrged 5 times); b) since
al1 lirensit:, are oxpres:,ed in units of central Intensity of HS (a 10). the
daf0iement of tLe Balmer series for observations across the discharge is considerably
greater than ftr observstions along the discharge; c) in some cases lines Rk. and
Ho show absorption drops in the center of the line, which indicate the important
role of self-absoirpton (along the axis the optical thickness of the discharge is
of the order of unity)

For quantitative analysis of the causes of broadening of emission, all
profies were considered in coordinates (Ig I/I , Is ) and (Is i/10, Ay)
The prrfiles In thesie coordinates are given in Pig. S and 6, and show considerable
difference fit Tbe run of intensity with distance from center of the line for cases
of obrervaticnv across tie axi- (fig.. S) and along the axis (Fig. 6). If in the
first c!es t,-: ccordinates (Ig I1/0, Ig OV\) the run of intensity in the wings
of in•c,? v,, correspoids to a straight line with angle of coefficient 21 - 2•4,
in the sccced case the rin of intensity in the wings is practically impossible to
represent A/ v atraight line, (In some cases the run of intensity is drawn
separately for blue and red wings of lines; the difference in run is probably
connected with small err...rs in photometry.)

Tf one nievertheless attempts to represent this run by a straight line, the
angle • ,oefficient will be near unity. At the same time, in axes (Ig I/b0. X2)
an opp•riie 'ccture is observed: for observations along the discharge the run
of inte'•sity in winr's is near to a straight line, whereas for transverse obser-
vations of'*ecwharge this ran differs considerably from a straight line. From
Table I we sme that a sivil•ar situation with lengthwise and transverse obser-
vation- takes place for all other spectrograms. This indicates that with com-
pressi.- pil 01. mn Hg the emission broadening in the wings of hydrogen lines is
connecLttd with linear Sturkeeffect for observations across the axis of discharge,
whereas along the axis o? discharge it is caused, on the whole, by Doppler effect.

In the cn'e ni stvli:t "Doppler" profile 1-e- (a- AXD)2 we would have
to obtain a straight lint in coordinates (Ig IIs 1/ 210 At the same time, there
are some small devia'zions, which can be nicely explained by the presence of
directional motion if the "jet" type along the axis of discharge with som
gradient of Yte3ocizy along the "jet." According to (7] the distribution of
intensities In th•s case can be represented in the form

100

where & Is the "width I of the wing of the line corresponding to a maximum
velocit- tf motion of atoms in the "Jet " Crosses and plusses in Fig. 6 show
the sum of iýnensittos according to formula (1), selected from conditions of
best u.Aeement of observed and calculated profiles° We see that an idea of
jets with velocity gradients agrees well with observed distribution of inten-
sities in wings of Balmer emission observed along the length of discharge.
Values b 0/> determined for the run of intensity in the wings, and also
valuet 4m/, are given in Table 2. In spite of separate random deviations
(connected, on the whole, with the difficulty in calculating background, see
Above), corre1ntions t4/X - const or AX/> a const are fulfilled in
transition froit one emission line to another, as must be so in the case of
broadertnR due ro macroscopic motion. Of course the question of the contri-
butionl of Stark effect In observed profiles of wings of lines in the given
terms remains open.

6



Table 2

No~2 AAII0310.. ~ HW H HI HI<'... ....X . .

Pressumnp a 0.1 - HS
114 3.3 1.5 L7 1,5 1.3 S.2 - 33 2.7 2.0

* 135 4C7 2,9 S,.S 2.S 2.7 9.6 7,0 9.7 C9 4.8
S146 4.6 1,9 2A4 2A3 2.2 7,7 3.3 4C3 3.8 3.S

Pressure Po a OS - Hg
1S9 6.6 6C9 8,2 7ý8 6.0 11.8 136 13,8 12.8

For a vore precise definition of this, we made a series of similar ues-
surevients with higher compression (po - 0,,5 m Hg), The results of these
measurements are given in Fig. 7 (line profiles) and Pig. 8 and 9 (logarithmic
profiles) stimilar to Fig. 4A S and 6. With compression of O.S m Hg the line
becomes considerably broadel (notice the change in scale of wavelength and of
relative intensity in Fig. 7). Here the wings of line HoK stretch farther
than 100 A, and for lines so weak as H. they are observed out to 40-50 A.
Here the centers of intense lines (Hoc , Hp ) are always overexposed, hence
it is difficult to Judge the decrement and to compare widths for observations
along and across the discharge, but weak lines (H$ , HE ), as in cases of
low compression, show that the wings of lines in observations in a lengthwise
direction are appreciably broader than in a transverse direction. Logarithmic
profiles (Fig, 8, 9) show that it is possible to represent the run of intensity
in wings of lines (for observations across discharge) by a straight line in
coordinates (Ig I/10, Ig &A) with angle of coefficient of roughly 1.6 to
240 with an average ^v4 .8, although deviations from a rectilinear relationship
are somewhat greater here than with low compression. Deviations from a straight
line in axes (Ig 1/I. &>;) are quite apparent in these cases (right side of
Fig. 8). This allows us to consider that broadening of hydrogen emission in trans-
verse observations in the case of high compression as well as in low compression
is connected, on the whole, Aith Stark effect, and not with the effect of macro-
scopic motion, although possibly the latter effect plays some role in this case.

Representation of line profiles in axes (lg IS 0, 1/2) in the case of
, lengthwise observation of discharge (Pig, 9) shows tgat, as in the case of
. lower compression, the run of intensity in wings of lines can be explained by

the presence of motion of the "Jet" type, The systematic increase of

fv -and 1 . for higher compression is apparently connected with the
f that wit rgreat compression Stark effect begins to play a certain role
in broadening for observations along the axis of discharge, resulting in
an effective increase of AAD and k ,,

During the photography of spectra of central portions of discharge, omission
of rarified plasma located in the same line of sight as the compressed discharge
also falls on the slit of the spectrograph. This plasma radiates at the start
of discharge and also with the decay of the discharge, and exists for a longer
time than the compressed discharge. In order to explain the contribution of
this portion of plasma .n the formtion of the lines considered, spectra of

7



dil•charge were photograohed through the lateral windows of the cell (13 and
1) on rig I) with compression p0 w 0,1 s- Hgo Thus radiation of the discharge
itielf did not fall on the slit of the spectrograph. Profiles of hydrogen
emission in spectra taken perpendicular to and parallel with the axis of the
cell, and to one side of the discharge, are given in Fig. 10. First of all we
should note that hydrogen emission in this case is considerably weaker than
discharge emission (photograrhed through the central window of the discharge
cell), In addition, the winpg, of lines on these spectriigrius are considerably
less extensive than in cases t:onsidered earlier, especially in spectra taken
S perpendicularly to the axis of discharge. From Fig. II, on which the same
profiles are drawn in logarithmic scale, it is obvious that wings of limos
art- very nicely represented try straight lines with coefficient of inclination
.n the average of 2.S for spectra pshotographed perpendicularly to the axis
of discharke, and 2,8 for spectra photographed parallel to the axis of discharge,

4

Thus, to the wings of lines of hydrogen emission of the compressed dis-
charte is added the several-times-less intensity due to radiation of rarified
rlasma. The run of intensity of the additional emission has a steeper drop
than the run of intensity in wings of lines radiated by compressed discharge.
Consequpently, the additional emission does not actually distort the distribution
of intensities in wings of hydrogen lines occurring in the central portions
of the discharge. At the same time, it can cause considerable variation in
distrtibltion of Intensities n.ear the central portions of lives.

3. DISCUSSION OF RESULTS

As has already been noted, profiles of wings of hydrogen lines in axes
(Ig 1/10, Ig 4*\) obtained by transverse observation of discharge are nicely
represented by a straight line. Thereby, as follows from Table 1. the angular
coefficutnt k of inclination of straight lines averaged for all lines studied
on several spectrograms in each series is equal to: a) k - 2 7 for observations
outside the axis of discharge (.4. £ I "off-center"); bfvk a 2.2 for obser-
vati]ons across axis of discharge (4. "center") with initial compression
p0 w 0 1 mm Hg, and c) kay - 1,8 in an analogous case with Po w 05 mm Hg.
The statad difference in angular coefficient can be explained by the action
of Stark effect,

Consideration of Stark effect, taking into account broadening effect of
electrons, is given in 181 and [9]. On Fig. 12 dashes show the theoretical
distribution of intensities in wings (in system IS I. ISg &) according to
V, N Kogan's data ([81, p. 285), from which it follows that in the wings of
the tines the average coefficient k W:•2.7 if this distribution can approximate
a straight line (which can be done with an accuracy of up to 40.1 in Ig I, i.e..
with accuracy to '2S2%) According to [9). a profile broadened due to Stark
effect by combined action of ions and electrons is determined by the function
T (A ) wherey is the parameter characterizing the influence of electrons.

S,6lO-6Nl/31-l/2 [.&. 0.l12 (2)

(T and N are temperature and density of charged particles, b is the :%in quantum
number for the upper, -e for the lower level), Assuming as an estimatu in
our case T a Sl0S. N S. 101$cu", we obtain the following values of Y -

for Hu #0.009, for H5 .0.32, for Hy .0oS2, for Hj 0.82, i.e., all
values of I are confined within the interval 0<1 41.



On Fig 12 is shown the run of intensity according to ([9), Table 3) for
1 0 (dots), 0MS (plusses andJ a 1.0 (circles) In the wings these

stributions are nicely represented by a straight line with average coefficient
k w 2o67, which agrees with the theoretical distribution (8). llence we can
consider that the theoreotical profile, taking into account broadening by

* electrons, gives k a 2 7 Gnod agreement with this distribution is obtained
* only for the periphery of discharge (outside of line of Jischarge) both in

lengthwise and transverse observations, As regards observations across the very
line of discharge (observations in the center), here we obtain a coefficient k
systematically less than 5/2 (-.22) for low (0O1 m Hg) compression and still
1css (•.l8) for high compression,

For intermolecular fields F. >105 v/cm quadratic Stark effect begins to
nlay a role since

Fn w 2 6eN2/3 A 3,v810/7N2/3v/cm, (3)

so that the role of this effect remains appreciable; in other wordsewhere
N Ot101 cnr3 ; in our case. with compression 0.5 me Hg value N !$l.5l0 1 6 cm" 3

with ionization roughly equal to I. If there occurs 5-4-10th compression in
the iore of the discharge, then the number N can be on the order of S-•-101016;
ILe_ qaadratc Stark effect can play some role for c,,pressiono~O.S om Hg.
In tiis case the distribution of intensities I -4 '74 . and in the wings
it will h~e a more gentle path close toX-2, which is actually observed.
It the case of low com.ression (OA mm) this effect plays a lesser role, and
dtribution of intensities in wings must be nearer to that given by linear
Si-rk eafect (k - 2.S), Thus we could explain the deviations from strict
theoverical dependence for Stark effect taking into account the broadening
et'et-t of ion% and e.ectrons.,

i.wever, it is i"sosible to explain the gentle wings, low values of k
and •I•a'r devintions from rectilinear dependence for observations along the
axis of discharge by means of an assumption of broadening by Stark effect only.
in ti,ii cast the run of Intensity in wings of lines, as has already been pointed
o•ut, is well described by the assumption of the existence of directional motion
of the jet tyjpe with a velocity gradient. The values AD/, and A .
presented in Table 2, allow us, first of all. to dtermine the constituent
"Npipler" velocities of motions of atoms along the axis of discharge, and,
seconcd. tn find the maximum velocity in "Jets" acqerding to (1). With initial
comp oession 90 a 0, 1 mr HIg, the average value ofa.4f. *3. 103, which corresponds
!n '*J 10 cm/sec, For this same case the aver* value AX,
,.oi which we nbtain the maximum velocity of motion of atoms 'h a jet of
qM a ,08 cm/lec-

7ie pyocess of outflow of plasma of jets from the aperture in the lower
elecrrade (through which observation along the axis Is carried out) can introduce
sc.me cn•,trkb'ation to broadening of lines in experimental observations. Possibly
this points to some systematic predominance of emission in the blue wings of
the majority of Balmer lines (Fig. 6). Thus, apparently, the experimental
data obtained from analysis of the distribution of intensities in wings of Balmer
lines with observation along the axis of the system indicates the existence*
in the discharge, of groups of hydrogen atoms which are in rapid motion. The
energy of these atoms attains 5-7 kev, We should keep in mind. however, that
we rtn into some difficulty in the discussion of such effects that result in
proposed interpretations of experimental data. If the observed form of a line
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prifile serves as optical evidence of the existence of a current or jet of rapid
particles, then, irrespective of the mechanism of origin of rapid particles, ther
must be other indications of the presence of these atoms, In particular, in
discharge of deuterium there must be observed a nuclear reaction of synthesis
and subsequent neutron radiation, As is well known, llesms-neutron effect
and neutron radiation were indeed discovered earlier, in I95?. However, this
radiation is observed, as a rule, in the moment of second compression of plasma
discharge, and not at the moment of first compression when, according to data
of optical scanning, the maximum line broadening is observed,,

Undoubtedly further experiments are necessary to elucidate this question.

The mechanism of broadening of hydrogen emission with intense impulsive
discharge is very ',imilar to that which is given detailed study ([l.7] and others)
in broadening of emission lines in solar flares. In both the first and possibly
the second cases thi, run of inten3ity in wings of lines depends considerably
on which direction the observation of spectra of plasma radiation is carried
out. This, in particular, allows us to infer that there probably exists an
analogy, based on the close physical nature of the phenomena, between intense
impulsive diicharge carried out in the laboratory and the occurrence of chromo
spheric flares on the sun,

The authors thank Yu., I). Klebanova, P. I Selivanova and A. N. Koval for
help with the discharge instrument and for processing the material, and also
E, N Braerman fcr carrying out the construction of the experimental Instrument,
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Figure Captions

fig. 1. Diagram of instrument.

Fig. 2. General form of discharge spectra with observations along the axis
(P0 " 0.5 me VS).

Fig. 3. Uydrogen linme in discharge spectra (a) for observations perpendicular
to axis (po - 0.1 -m fg) and (b) in spectra of chromospheric flare of
20, VU 1959.

fig. 4. Profiles of hydrogen lines in discharge spectra with initial compression
0.1 -m Hg (left - observations perpendicular to axis, plate 113;

right - along axis, plate 146).

Table X
Pinch Plate go. No. of shocks Coefficient of incline of straight line k

Compression PO a 0.1 m Mg

Sharp deviation from stark distribution.
SuIssion broadening caused by macroscopLc
motion of plasma

Compression po m 0.5 um HS

"as above

Fig. 5. Logarithmic profiles of hydrogen lines in discharge spectra with observations
perpendicular to axis (plate 113).
Dots and circles - observations for blue and red wings of line respectively.

Fig. 6. Logarithmic profiles of hydrogen lines in discharge spectra with observations
along axis (plate 146).
Dots and crosses - observations and calculations ("Jets*) respectively for
blue wing of line; circles and +Is - observations and calculations ("jets")
for red wing of line.

Fig. 7. Profiles of hydrogen lines in discharge spectra with initial compression
p0 a 0.5 me Hg (left - plate 173; right - 159).

Fig. 8. Logarithmic profiles of hydrogen lines in discharge spectra with
observations perpendicular to axis (plate 173).
Designations sma as in Wig. 5.

Fig. 9. logarithmic profiles of hydrogen linme in discharge spectra with
observations along axis (plate 159).
Designations same as Fig. 5.

aig.10. Profiles of hydrogen lines in discharge spectra (p0 = 0.1 me 11g) with
observations outside of axis of discharge, and parallel to it (left - plate 133,
"right - 104).

1F9.11. Logarithmic profiles of hydrogen lines with observations outside of axis
of discharge (left - perpendicular to axis, plate 133; right parallel to
axis@ plate 104).

F18.12. Theoretical distribution of intensities in wings in the case of line
broadenien due to Stark effect.
Dashed line - logan's data, solid line - Griem'e data.


