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ABSTRACT

The é’comic prc‘Jcessles governing the decay of anvin.it'ially highly
.i‘onize,d, dense, recofn'bining hydrogen Plasma, aré discussed qualita-
tively, The dominant process is three-body recombination. We show
that the upper excited states of neutral hydrogen atoms in such a re-
combining plasma are essentially in equilibrium with the free electrons,
and estimate the lowest excited state for which this is true, We derive
the theory necessary for determination of the plasma properties (elec-
tron density and temperature) from a spectroscopic analysis of the
emitted radiation in the visible and ultraviolet regions of the spectrum.

We give expérimental details of the formation of a highly ionized
hydrogen plasma in a strong magnetic field by a hydromagnetic ionizing
wave. The plasma typically has an electron density of about
3% lO]‘5 cm'?’ and a temperature of about 104 °K, and is observed to
decay in several hundred psec,

The electron density and temperature in the decaying plé,sma
were measured by the observations of the Stark broadening of the HB
line and by absolute measurements of the intensity of the H, line and
of the intensity of the continuum radiation at two wavelengths, one in
the visible region of the spectrum and one in the ultraviolet, - A carbon
arc was used as a radiation standard., Side-on and end-on observa-
tions show that the plasma is probably uniform along magnetic field
lines to +10%, but has a strong radial variation, These measure-
ments-and end-on framing camera pictures show conclusively that the
plasma is not lost by motion across the magnetic field. The plasma is
not lost by motion along the magnetic field either; it decays by volume

recombination,



i

Accurate (approaching. +5% ) measurements of the electron
density and temperature as a function of time by énd-on oBserva.tio.ns
at oﬁe radius yield decé.y rates that agree very well with those calcu- -
lated by Bates, Kingston, and McWhirter for a.plasma opaque to the
lines of the Lyman series. Finally, we show that the plasrha in most - ¢
of the volume must initially be nearly completely ionized. ‘The plasma |
then cools essentially in local thermodynamic equilibriumr(LTE) until
the temperature drops below aBout 1.2 X1 O4 °K. .Af‘;er this, the tem-
perature is too low for detailed balancing to apply-in the rates of colli-

sional processes determining the population of the ground state, and

the plasﬁla. de‘péi‘ts in a reasonable way-from the LTE cooling curve,



1. INTRODUCTION

This thesis describes the experirnental i'nvestigation of the rate

' of decay of an initially highly ionized, dense hydrogen plasma and de-
‘partures of the state of the plasma from thermodynamic equilibrium.
A decaying plasrna pro’vides a rea'dil';r available and easily’ observable
exarnple" 'of.aanoneqlrilibriurn‘plasrna :s.tat'e' the very fact that the plasma
" is decaying implies a lack of thermodynamic equilibrium. .

One of the first observations of a decaying hydrogen plasma was
- made by Lord Rayleigh 1 Who in 1944 observed that the Balmer dines
in the spectrum of an electrodeless discharge in hydrogen pers1sted
some 10 psec after the termination of the current pulse, Observations
" of afterglows in gases other than hydrogen were already plentiful but
will not be discussed in this thesis. Craggs and Meek, 2 who had ob-
served similar afterglows 1ast1ng about 3 usec in spark discharges in
hydrogen, and later Zans’cra3 suggested that the afterglow observed by
Lord Rayleigh was caused by recombination of electrons and hydrogen
ions, accompanied by ernission of radiation; It was thought that the
recombination was predominantly due to the two-body process

N

H 4+e-H +hy, | (1)
and it became eusto'rnary to describé the recombination rate by a re-
" combination coefficient o.(Te) defined by

. -dt - a(Te)NiNe’ ‘ (2)

‘-‘where N is the density of pesitive ions in the plasrna, Ne is the density
of free electrons and T is the electron temperature. __

: Recomb1nation in plasmas was of con51derable 1nterest not only to
‘those Working in the field of gaseous discharges, but also to astro-
physicists and upper-atmosphere physicists. Using the results of cal-
~ culations by _Chillié’4 who .w;s i_nteres‘tedin the emission spectrum of
gaseons nebulae, Zanstra calculated values of a for radiative recom-
bination.3 Several experiments were performed by Craggs and

coworkers in 1946 and 1947 to determine experimental values of a by



observing the decay of the pla'sma’_-‘produced.by,a spark discharge in

hydroge.n‘,S_7 They obtalned values of a rangmg from 2X10 -12 to

-11 3 -1 17 -3

10 cm’ sec w1th 1n1t1a1 ion dens1t1es around 3X107 cm and

’ electron temperatures est1mated to be between 10 OOO and 15,000 °K. -
_ These values of a were about a factor of 10 larger than those calcu~-
lated by Zanstra Exper1ments reported by Fowler and Atkinson |
y1e1ded a very rough value for a of'l1to2xX10 -12 'md sec__hl, based on
observatlons of the decay of a hydrogen plasma (1on density ~6 X 1016
R 'cr’n-3, .. electron temperature "‘4500 °K) produced ina "T" shock
| tube. 8 ThlS value of a was also somewhat h1gher than the value pre-
_dlcted for rad1at1ve recomb1nat1on
' D'Angelo showed 1n 1961 that another process ”three body" re-
comb1nat1on could contrlbute s1gn1f1cantly to recomb1nat1on rates in
' A dense plasmas 9 Th1s process 1s s1mply the inverse of electron colli-

_51ona1 1on1zat10n and is descr1bed by
H +et+e - Hn) +e, : (3)

where H(n) denotes-a hydrogen-atom in the nth quantum level.
Giovanelli had also considered this process in 1948 in the study of stel-
lar atmospheres,]‘0 and- Craggs and Meek had even suggested it in 1945
| as possibly being important in recomb1nat10n in dense plasmas 2 Smith
‘had estlmated the cross section for the process. quantum mechanically
in 1936 ! and had concluded (erroneously) that three -body recombina -
tion would be un1mportant in plasmas with ion densities less than about
1018 _3. If diffusion losses are negl1g1ble, three-body recombina-
tion is the dominant process in governing the decay of most highly-

' ionized laboratory plasmas. bAlthough a three-particle process is
involved, thé problem is sufficiently complicated by the presence of

radiative transitions that the recombination rate is not simply propor-
2

~ tional to N N . It is most convenient to continue to express the

recomb1nat1on rate by an equatlon of the’ form of Eq. (2), but to allow
a to be a functlon of the electron den51ty as well as the electron tem-

perature l.e.,



dNi-- R SR . -
dt = = O'(Ne; T)NlNe LI o - L. (4)
SO | 12,13 : 14
Several recent works by Bates and ngston McWhirter
Bates et al, 15,16 Stubbs et al. 1 Byron et al. 18 and Hinnov and

_Hirshberg19 have dealt w1th theoretical aspects of the problern In

addition Hinnov and Hirshberg give exper1mental results for a which
tagree well with their theory They used as a source of plasma the H
. or He discharge of the B- 1 Stellarator which yielded a low-
_temperature (T <3, 000 °K) low- dens1ty (N, <5 X 1013 cm ) decay-
. ing plasma Observations of the decay of this plasma by spectroscoplc
.and microwave means gave Values of a frorn 4 X 10 -1l to“ 1.4 X 10 -9
:cm3- sec , .depending on the state of the plasma |

' v ln the study of a recombining plasma, one-is led to the question
of departures of the plasma from thermodynamic equilibrium. Natu-
~rally, the plasma cannot be in complete thermodynamic equilibrium.
VI—lowever it is not unreasonable tc expect that the ion and electron-
‘veloc1ty distributions may be very nearly Maxwellian at any point in
the plasma, especially in dense, relatively cool plasmas and that the
d1str1but10ns may be characterized by a kinetic electron temperature
. Te. Also frequently the d1str1but10ns of the various excited states of
. a given ion and the various ionization states of a given spec1es may be
very close to those predicted from equ111br1um arguments by
Boltzmann's and Saha's equations, respectively, using the kinetic tem-
perature Te' A syste_mA satisfying all these conditions is said to be in
local thermodynamic equilibrium (LTE) A plasma may be in LTE
even though it is spatially nonuniform and changing in time. A know-
| ledge of the departures of the plasma from LTE is especially neces-
sary 1n 1nterpret1ng spectroscopic observations,

A number of authors20 v -24 have generalized Saha's equation to
1nclude various steady state nonequilibrlum plasma systems These
generally 1nvolve solv1ng for steady -state cond1t10ns such that the
rates of two competing but essentially d1fferent processes (such as

_ i‘adiative recombination and electron collisional ionization) balance.

In the case of a recombining plasma, the assumption of even



quasi- steady state cond1t10ns is frequently not justified, especially in
treating the ground.state. R

Analys1s of non- steady -state, nonequilibrium plasmas is more
) d1ff1cult McWhlrter etal, give theoretlcal and experlmental results
'perta1n1ng to the closely related nonequ111br1um problem of the forma-
tion, rather than the’ decay, of a plasma 25 They calculate the distri-
: b'utvion of exc1ted‘ states at the tlme of 50 %% ionlzatlon dur1ng the forma-
' tion of a deuterium. d1scharge in Zeta by est1mat1ng the rates of all
pert1nent collisional and radiative processes serving. to populate and
" depopulate the excited states. A strikingly non-Maxwellian distribu-
" tion of excited states is observed. Similar effects in an rf discharge
‘had been observed by Harrison:and Cr-aggsz'6 and also recently by

Hinnov and Hirshberg, 19 Mc Whirter, 14 Bates, Klngston, and
’McWhlrter,ls’ 16

method to the calculation of recombination rates and distribution of ex-

and Bates and Klngstonl. have applled the same

c1ted states in recombmmg hydrogenlc plasmas. The process consists
- of 51mply wr1t1ng down the rate equat1ons ‘of all processes populatlng
and depopulatlng the excited states and the ground state, u51ng known
vor assumed cross sections for the various collisional and radiative
processes ‘and solv1ng them s1multaneously The results y1eld both
" the recombination rate and the d1str1but10n of exc1ted states with an
Iaccuracy determined’ by the uncerta1nt1es in cross sections and calcu-
lational approx1mat1ons o

 The present work was begun for several reasons. First, there
seemed to be a general lack of prec1se exper1mental measurements of
the recombination rate ‘of dense hydrogen plasmas (N > 1014 ),
) and of the departures of such 'a system from thermal equlllbrlum.
Both can now be treated reasonably well by 'ex.isting theories. Second,
there was a need to know the proper'ﬂties of the plasma in an experiment
already existi"n‘g in thls'laboratory This was the plasma used in the

27,28

study of Alfven waves reported prev1ously The Alfven waves are

1nduced in a decay1ng hydrogen plasma, ' Prellmlnary stud1es of this
' plasma indicated an initial ion dens1ty of about 5 X lO15 m-3 and an

electron temperature of 10,000 to 20,000 °K, with a decay time of
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several hundred psec.'-zgf‘ ‘The plasma was of considerable length,
86 cm,_ an_d;_‘wabs_cbl_'_eated in a strong ,mggpetic field - -~ both factors

tending to reduce losses vduéﬂt'o diffii_sioh. " The experimental apparatus

'--v-‘sé'e'rhéd\fvéll suited to ‘the study of recombination in a"dééaying hydro-

gen'plasrna.. Third, quantitative plasma spectroscopy (reviewed

recently: by ‘'several authors3o'-3f7?) had re-a‘fch‘ed-thé point where it

¢« ..seemed possible to make time=- and space-resolved measurements of
- ion densities and-electron termmperatures with accuracies of 5 to 10%.
‘Measurements of the electron temperature, in particuiar,' in a decay-
ing plasma should be‘as.precise and accurate as possible, as the re-

‘combination rate for dense plasmas is a strong function of the electron

temperature,
‘For these reasons a careful study of the plasma was begun, using

spectroscopic- diagnostic techniques. The study was designed to

©'measure as accurately as possible the recombination rate of this

hydrogen plasma to observe the spatial variations of the ion density
and electron temperature during the decay period, and, if possible,

any departures of the state of the plasma from LTE.
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~II. THEORY

A. Recotnbitation in Highfy lonized Plasmas

-~ A careful analysis of recombination.in plasmas, even hydrogenic .

ones, is very difficult. (A geriei‘él review .of the-subject is:given by

.~ Bates_and Dalga,rno.3v3-) It is relatively easy, however, to gain a

.qualitative picture of the recombination. .- We assume initially a.com-

+pletely ionized hydrogen plasma.,' populated:by ions and electrons with

‘arbitrary energy-distributions. - We also assume: that no particles

- enter or leave the plasma. The electron-energy distribution very

rapidly approaches a Maxwellian, Spi’czer34 derives.an expression for

the characteristic time in seconds for -a group of particles interacting

.will be considerably less than 1 usec, Provided the decay time of the

with: themselves.to. approach a Maxwellian energy distribution, start-

ing from an arbitrary distribution, but assumed to have a -'tempera-

: ture' ‘T, : This time . is -

NZ4nA '

Here A 1is the mass of the particle (1 for hydrogen), T is in °K, N
is the number of particles per cubic centimeter, Z is the charge of
each particle in electron units, and £nA is a slowly varying function of
density and femperature, of the order of 10, Substituting numbers ap-

propriate for electrons into Eq. (5), we get

. = 25 107213/2
e N :
e

(6)
. 6 14 -3
We see that for any plasma with T< 10~ °K and Ni >10"" cm 7, the

relaxation time te for the electrons to reach a Maxwellian distribution

plasma is much longer than this, we may assume the electrons always
to have a Maxwellian energy distribution and a temperature Te’ For

the plasma investigated in this thesis, assuming T = ?.)(lO4 °K
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to NiNe' and decreases with increasing principal quantum number.

and Ne =5>(1015 cm,-3, we get te = 10-‘ll sec. ' The observed decay

time is much longer, about 10-4' sec, We assume a Maxwellian dis-
tribution of electron energies and velocities in all further calculations.

Although it is not particularly important to the present discussion, we

" might point out that (again following Spitzer) the time for both the elec-

trons and the ions to reach a common temperature T is about mi/me
times te‘, or about 2><10—8 sec, again much shorter than the observed
decay time, '

" Provided there are no éources of energy in the plasma, it will
begin td cool by radiation, Electrons begin to recombine with ions to

form excited neutrals in quantum level h by the following reactions:

H+.+e‘2H(n)+hv- _ . )

H++e+e2H(n)+e., - N (8)

The rate of the first process, radiative recombination, is proportional
20

The rate of the second process, three-body recombination, is propor-

2, and increases rapidly with increasing principal quan-

tional to- N.N_
tum number.20 Therefore the upper levels of the atom are rapidly
filled by three-body rec.ombination in the case of dense plasmas, form-
ing a '"'reservoir" of electrons in excited states essentially in equili-

brium with the continuum of free electrons. Two further processes,

-spontaneous radiative transitions and transitions between bound states

due to electron collisions are also important, These processes cor-

respond to the-equations
H(n) 2 H(p) + hv, and 4 (9)
H(n) + e = H(p) ‘e | (10)

As in the case of Eqgs. (7) and (8), the rates of radiative transitions
are much smaller than the rates of collision-induced transitions for
large principal quantum numbers. It is very probable that the princi-

pal quantum number changes by only #1 in the reaction given by



Eq. (10) [see Eq. (21)]. TItis also much more probable in any given
collision that the bound electron goes to another bound.sta.»te than to a
free state (collisional ionization). Therefore electrons reach the v .
"reservoir" of bound electrons primarily by three-body recombina-
_ tions, then rapidly random-walk in single steps through the bound. o
states in the feservoir, They only infrequently reach the continuum.of
free electrons .(reionizati_on) or the ground state (recombination). The
populations of excited states in the ''reservoir'' are related to the
temperature and density of free electrons by Saha's equation, to a
~ very good.approximation, o v

.The 'freservofr" extends down to the lowest bound state for.
which detailed balance still holds for the collisional processes popula-
ting. and depopulating the state. Below this level, the levels are popu-
lated primarily by radiative or collision-induced transitions from
higher levels, and are depopulated primarily by radiative or collision-
-induced transitions to lower levels, Detailed balance does not exist,
and the populations of the levels below the reservoir is generally less
than the equilibrium populations calculated from Saha's equation. For
. very low. levels in optically thin plasmas, the rate coefficients of the
radiative processes teﬁding to.depopulate the state become much
~larger than the rate coefficients of the collisienal processes tending to
populate the state, and the population of the state is then far below the
equilibrium value. '

Usua‘lly‘,_ all levels except the ground state may be considered to

.be in a quasi-steady state, as the flux of electrons into and out of any
level is much greé,ter than the time rate of change of the number of
electrons in the level, If the electron density and temperature are
high enough, even the ground state may be treated in thivs approxima-
tion. The 'reservoir' of electrons essentially in thermal equilibrium
with the free electrons then includes the ground state. In such a case
the numbers of excited atoms in all states may be calculated from
-Saha's equation, and the rate at which the plasma recombines is de-
termined entirely by the time rate of change of the electron tempera-

ture and-Saha's equation,
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2.  Numerical Solutions,

‘If all pertinent cross sections are known, the problem can be
solved to any desired accuracy by use of modern high-speed compu-
ters. (Approximate solutions by various authors are discussed in

15, 1.6 and by

Appendix B.) This is the approach adopted by Bates et al,
Stubbs et al‘,l7 ’ v

L We first discuss the work of Bates et al.. - They set up rate equa-
tions governing the populatioﬁ and depopulation of a given quantum
level. Such a rate equation determining the density of excited atoms
in the pth quantum level (f)rincipal quantum number p) has the form

(changing their notation somewhat)

R = - N [NJK(p) + Alp)] + N, ) N_Klg, p) + y N Alg, p)
qfp 9>p
+ N,N_ [K(c, p)] + B(p) . (11)

The K's, A's, and B's are rate coefficients for the various processes

given by Eqgs. (7) through (10). The first term on the right is the rate

~-of depopulating the pth level by collisional ionization and collisionally

induced transitions to other bound states [K(p)] and by radiative tran-

' sitions to lower bound states [A(p)]. The second term is the rate of

populating the pth level by collisionally induced transitions from other

bound states. The third term populates the pth level by radiative

' transitions from higher states, and the last term populates the level

by three-body recombinations [K(c, p)] and radiative recombinations
[B(p)]. Terms corresponding to photoionization and photoexcitation
have been omitted. There are as many such equations as there are
bound 'states. The set ,\of equations may be greatly simplified_by the

assumptions Np << N Np << Ne’ and p#1. These assumptions are

1’
justified for most laboratory plasmas. They imply that Np =0 and

P 74 1, so the left éide of all the equatiofis but the first may be set

© equal to zero without introducing much error, Further simplification

results from the assumption that the upper states — — those with prin-

cipal quantum number n greater than some number s, where s will
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be defined more precisely in a later section — - are in equilibrium with
the free electrons (justified by physical arguments given earlier).

. Then the populations of these states may be calculated ffom Saha's

- equation, This assumption is checked during the course of the calcu-

lations by requiring that the.calculated.dénsities of excited states ap-
proach the equilibrium value as p - s. ‘ N
Bates et al, first consider optically thin plasmas,13 They calcu-

late as a function of electron density and temperature a collisional -

radiative decay coefficieﬁt v .defined by .

Ny =yNNe . o (12)

For hydi"o_gen the coefficient y -may be written

Z,

1

Y:acr -lqu, (13)

-where a. is the collisional -radiative recombination coefficient, S is

the -collisional -radiative ionization coefficient, and N,  is the density

1
of atoms in-the ground state (n=1),. Usually, .in recombining labora-

.. tory plasmas practically all electrons that disappear from the continu-
.,um ofbfree_ electrons reappear in the ground state, and the recombina-
- .tion coefficient a as defined by Eq. (4) becomes identical with the
. coefficient y defined by Eq. (12). |

. The dependence of_u,Cr and S, the collisioﬂal—radiative decay and
ionization coefficients calculated by Bates et al. on the electron density
and temperature is shown in Figs., 1 and 2. From Fig. 1 we see that
in the limit of very low electron densities or very high»t‘empératures,
collisional effects beco.me unimportant and a.. approaches a4
(independent of Ne)’ corresponding to purely radiative recombination,
This case has recently been treated by Seatori35 aLndIBul_‘ge‘s‘s‘,36 In the
limit of very high _eie_ctron densities or v,'e‘ry; low temperatures, the
collisional processes dominate, and a.r becomes proportional to Ne’

corresponding to purely three-body recombination.
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1. Iv_C}ol'lisio‘nalv-'ra_c}iati\}'e_.d'ecay coefficiént ac, as a function
of electron density, for several temperatures. -
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Fig. 2. Collisio_nal'-radi_ative, ionization coefficient S as a function
of electron density, for several temperatures.
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Comparing Figs. 1 and 2, we see that for any given electron
density there is a temperature above which S is greater than a..
Because N1 approximates Ne in a recombining highly ionized plasma,
above this temperature the rate of depopulation of the ground state by
electron collisional excitation and ionization becomes comparable. to
the rate of population of the ground state through collisional and radia-
tive processes. In the limit of large electron densities, radiative |
effects become negligible, and the ré,_tes of the collisional processes
exactly cancel (detailed balance); then in Eq. (13) y goes to0 and we

have

N, = N, ' (14)

which is just Saha's equation (acr is proportional to Ne in this limit).
Figure 3 shows the locus of points such that’ a, =S on an elec-
tron density vs temperature diagram (solid line). Plasmas to the
left of this line recombine at a rate determined by the electron density
and temperature and independent of the ground-state neutral density.
Plasmas to the rightv of this line are essentially in thermal equilibrium,
and recombine at a rate determined by the rate at which they cool.
Very dense plasrrias can sc.arcely'be expected to be optically thin to
the hydrogen resonance lines. The conditions under which a recom-
bining highly ionized hydrogen plasma _Will be opaque to La’ the first
member of the hydrogen Lyman series, are given in Appendix A, The
electron-density -temperature diagram is then divided by the dashed
lines into four regions (for plasmas of three different dimensions: 1,
10, and 100 cm). Plasmas below these lines will be optically thin, and
- the decay coefficients given in Figs., 1 and 2 may be used. Plasmas
located above these lines will be opaque at least to Lo.’ and a modifica-
"tion of the theory is required to take into account the trapping of reso-
nance radiation, For future referencé, the four regions are desig-
nated by Roman numerals, as follows: ‘
I. Opaque at least to La; populations of ﬁpper states related
to Ne and Te by Saha's equation; recombining at a rate

determined by Ne and Te’ and independent of Nla

~
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3. Electron-density vs temperature diagram,- - showing

several regions of interest in a recombining, highly ionized

hydrogen plasma: Region I: Opaqué at least to L. , recombining. o
Region II: Opaque.atileast to L, recombining at a rate deter-

mined by the time rate of change of T; nearly in LTE,

Region III: Transparent, recombining. Region Illa: Transparent,
recombining by radiative recombination, Region 1V: Transpar-

ent, recomblmng at a rate determ1ned by the time rate of change

" of T; nearly in LTE.,
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II. Opaque at least to La; populations of all states given
very nearly by Saha's equation; recornbining at a rate
determined by the time rate of change of T .

III, Transparent to all radiation; populatlons of upper states
‘related to Ne and T by Saha's equatlon recomblnmg
at a ra.te determined by Ng and Te, ‘and’ independent of Njy.

B v. Transparent to all radiation; populations of all states
~given very nearly by Saha's equation; ré.combining at a
rate determined by the time rate of change .of' T,.

The location of the dashed lines separating opaque from trans-
parent plasmas is approximately correct for recombining plasmas
with Nl = Ne" Very early in the decay period, of course, any 'fully"
ionized plasma will be transparent to all r'adiation unless the electron
density is so enormously high that the Bremsstrahlung radiation from
the plasma is comparable to black - body radiation at the same tempera-
~ture -at some wavelength in the spectrum,

, The cross-hatched area in Fig. 3 shows the region of the
electron-density -temperature diagram occupied by the plasma studied

in-this thesis, Within the region labeled 'Illa,' recombination is pre-

.. dominantly radiative (i,e., the recombination rate as calculated by

Bates et al, is not more than.about 30% greater than the 'pure' radia-
tive recombination rate), The region is bounded on the right by the
condition that electron cqllisional excitation from the ground state be
negligible, Considering the limited area of Region Illa, it seems im-
probable that radiative recombination.has ever been observed in a
partially ionized laboratory plasma. _

- In Ref.. 16, Bate_é et al, consider recombination in optically
thick plasmas. . The general problem is extremely complex, depend-
~ing not only on the electron density and temperature of the plasma,
but also on the dimensions of the plasma and the mechanisms broaden -
ing the spectral emission lines, They consider a number of special
cases: (1) absorption of all lines of the Lyman series, (2) absoi‘ption
~of all line radiation. of a.ll series, (3) absorpt‘ion of Lyman lines and

continuum, and (4) absorption of all line radiation plus the Lyman
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contlnuum Of these the flrst is of prlmary importance in the present
work. In this case, the rates of popilation and depopulation of the
ground state due to emlssmn and absorptlon of the Lyman lines ex-
actly balance. The situation may be treated by removing all terms
eorresp'ending to emission of Lyman line radiation from the .initial
rate equations, 'Eq,.(ll), - Bates et al. find it‘ necessary to express the
yapproximlate eolutiens of 'd'le new rate equatiohs in terms of both N1
and NZ’ rather than only Nl
They define six new rate ceefficients, such that

as in the case of optically thin plasmas.

Nll': alNiNe + PZlNZNe - RlNlNe V B (15)
and

N, =a,NNN_ +P NN -RNN_, (16)
and tabulate numerical values of ags a, PlZ’ P2 1’ Rl’ and R2°

-3Equat10ns (15) and(16) can usually be simplified considerably by mak-_
ing -approximations appropriate to conditions in the plasma under study.
‘For instance, NZ is almost always much:smaller than any of the ‘
‘terms on the right of Eq. (16), and may be set equal to zero,  Equa-
~tion (16) dlay'then be solved for NZ‘, now a quasi-steady-state density,
- and that value substituted -into Eq. (15). As will be shown in a later

 section, often all terms involving N. may be neg‘lected also.

The trapping of resOnan’cevra‘dilation decreases the recombina-
tion rate of a decaying plasma. This must always be the case, as it
introduces an additional mechanism for depopulating the ground state.

- The decrease may be a factor of 10 or more in laboratory plasmas.
“The decay rates calculated by Bates et al. are probably the most

‘accurate available:> | ‘The accuracy of their numerical calculations is

limited primarily by the accuracy of the cross sections needed in cal-

“"culating the rates of collisional processes. They used quantum- -,

mechanical and sémiclassical cross sections derived by various

‘authors, and estimated an uncertainty of a factor of 2 or 3 in the calcu-

lated rates. They did not estimate the extent to which this uncertainty



-17-

is reflected in the recombination rates; these may also be uncertain by

a factor of 2,

B. Populations of Excited States in a Dense Recombining

Hydrogen Plasma

1. The Lowest Level in the Reservoir

We have already stated that we may expect all levels with princi-
pal quantum number n >s to be essentially in thermal equilibrium
with the free electrons, where s is the principal quantum number of
the lowest level for which detailed balance approximately holds, The
densities of excitated states with n >s (or more likely, n>s + 2 or
n >s + 3) may then be c‘a.lculated from Saha's equation, by using the
electron density and temperature.

To estimate s in a recombining optically thin plasma, we may
use the following model: Consider all levels with n >s to be in
thermal equilibrium with the free electrons, We define p (n) to be the
ratio of the density of atoms in the nth level in the f"ecombining_.pla.sma
to the density of atoms in that level if equilibrium conditions were to
hold

N

pln)= —. (17)
N o4

We now assume p(s)=1 and p(s-2)<< 1, With these assumptions,
the most important processes determining the population of the (s - 1)th
level are (1) collision-induced transitions between the levels s and
s -1, (2) collision-induced transitions from s -1 to s -2, and (3) radia-
tive transitions from s -1 to iower levels, These processes are
shown schematically in Fig. 4, together with their rates. The rates

of collisional ionization of and three-body recombination to s -1 are
negligible, as are the rates of collision-induced transition to the
levels with n< s -2 or n> s + 2. The assumption p(s-2)<<1
guarantees that the rate of collision-induced transition to s -1 from

s -2 is also negligible."
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. Fig. 4. Energy-level diagram, 4show.ing rates of processes impor-
tant in recombination. ' ]
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The rate coefficients for collision-induced transitions between
level n and level p(p < n) have been calculated by Byron et a1.18

38

from Gryzinski's cross sections. Their expression for the rate co-

efficient C(n, p) is

gme?a ® k. %p’ [ 8k +6 56 | |
Cln, p) = e P 1+ —22 | | B (19)
o 15(vB.) ,2 1+58,
* where
|
kn = P
P JE_-E
P n
and
- IE
B = —2>
P~ kT

If we let p=n-1, for hydrogen this expression becomes approxi-

vm,ate'ly
5x
. - e
Cln, n-1) 2 1.37x 10" An-1) ﬂ +7gn(2n+1;2) (n-ls) (19)
n(zn-1% L 15(mx) 1 2x
(n-1)2

for ‘n 23, where x = Xl/kT, and X1 is the ionization potential of
the hydrogen atom from the ground state. The population of the s -1

level is then determined by the rate equation

C(s, s-1)N_ =N__, LC(S-l,'s-Z) +C(s-1, s) + 1\81' ] - (20)

where As-l is the reciprocal of the lifetime of the s -1 level.

Using detailed balance to eliminate C(s -1, s) and rearranging, we

have for Eq. (20)
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_ s N s-1  ""s-1 - (21)

:' N _ieqC(s'-.l‘, s=2)" N %dp
N %9G(e s N o ]
. .NS “AC(s,-5~1) . Ns -NeC(s, s-1)

[_P(L) -1
pls-1)
Since all rate coefficients in Eq. (21) are stréng functions of the

pri"hci;p_al quantum number, we expect p(n) to be a strong function of
n vari'._bzund n= s, We have already: épecified_"p (s) = 1. A reasonable
value of lp (s-1) is 0.5; this is then the definition of s, We expect
p(n) to behave qualitatively as shown in Fig. 5, The solution of
Eq. (21) with the left side equal to -1 then gives s for any specified
Ne and T. Because C,(p' n -1) is not a strong function of T, and
the ratio C(s -1, s -2)/C(s, s -1) even less so, we expect that for
sufficiently large Ne we may neglect the second term, and s  will be
independent of Ne and will depend on T alone, primarily through the
ratio Ns_leq/Nseq, This is just the condition that the rate of
collision-induced transitions from the level n to the level n-1 have.
a minimum at n=s, as pointed out by Byron et al,,18 (see Appendix B),
“In‘the limitof very low -N_, we may neglect the first term with respect
to the second; then s is roughly independent of temperature [because
C(s, s- 1) is only a weak function of temperature] but depends on Ne,
- In this case s is determined by the equality of the rate of collision-
: .‘V‘i'nvd.lic'ed" trra.néitiiol'ns from the level s to the level s -1 and the rate of
‘. radi:ati\:fevt-reihSitibns from s -1 to lower levels,

. If we approximate C(s -1, s -2)/C(s, s - 1) by the ratio of the
factors (n - 1),7/n,( 2n - 1)2 [the functions contained in the brackets in
-~ Eq. (18) fare’comparativél:y-weakfunctions of n and x] and let

o] (S)/P(S -1)=2, Eq.,"(‘Zl) may be written

Gl s)

Né ;

v = [(8-2 1\ [s -1 2s-1 o o
Fs) = (s-—l) ( S )(2s-3)’ : (23)

:e-XH(s.)" o (22)

F(s)‘+.

where
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Fig. 5. Plotof p(n) as a function of n.
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A 2 o ‘ :
- s-1 s-1
Gls) = C(s, s-1) ( s ) ’ (24)

H(s) = __Z_S__.:_l_?,, (25) -
[s(s - 1)]

and

We have negle'éted' the weak temperature mdependence of- C(s, s-1).
The functions F(s), G(s), and H(s) are shown in Figs. 6, ‘7, énd 8.
C(s, s-1) was evaluated for a temperature of 8,000 °K in Fig. T.
Given an electron densi;cy and temperature, we can solve Eq. (25)
graphically to obtain an estimate of s, |

Byron etAal, state that s (equlvalent to their n ) is either the
(x /3)1/2

whichever is larger,. 18 Both statements can be justified in view of the

He

quantum nurnber of the level at which A N C(s, s-1) or s’

preceding dlscussmn,. The expression s = (x/3 1/2 ~results from de-
termining n such that Nn qC(n, n-1) _1s proportional to n4 (true for
large n). Griem derives from simple physical estimates of the colli-
sion cross section an expression for s that is correct if radiative
decay is important, 39
All these values of s become too large either if the plasma is
opaque to the resonance lines or if the temperature is high enough |

(>16,000 °K) that excitation from the ground state becomes important,

2. Numerical Results

Bates and Kingston in a recent paper present detailed results of
calculations of the distribution of excited states in a decaying hydrogen
. plasma as a function of the electron temperature and density for two
cases:l3 (a) the plasma is optically thin, and (b) the plasma is opaque
to Lyman-line radiation. The resuits follow from computer solutions
of Eq. (11), and are as exact as the knowledge of the necessary cross
sections, They calculate p(p) [defined by Eq. (17)] by definihg three

population coefficients such that

p(p) = rylp) + r (plp (1) + r (plp (2) . (29)
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Fig,
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Plot of F(s) as a function of s.
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The coefficients ro(p), rl(p), and rZ(p) are always greater than zero,
and are functions of the electron density and temperature, Values
are tabulated for 1010 « N_ < 1018 cm™3, 250 < T < 64,000 °K, and

2 <p< 10, Asymptotic forms are also given for higher and lower
electron densities, Representative values of T [p (p) > ro(p)] for
plasmas opaque to the Lyman lines.are given in Fig., 9. As expected,
equilibrium conditions extend to lower values of principal quantum
number as the electron density is increased.

Bates and Kingston also calculate a number Py which corres-
ponds very closely to our s, They define p, to be the principal .
quantum number of the lowest level such that the density of excited
atoms in that level is x per cent or less below the equilibrium value.
Figure 10 shows lines of constant s and constant Pyg on an electron
density -temperature diagram for an optically thin plasma. The lines
of constant s were calculated from Eq. (21)., Bates and Kingston's
p_;,).o, the value of the principal quantum number such that p (pBO) =0.7,
should be a good approximation to what we have called s. Agreement
is indeed very satisfactory, ‘considering the approximate nature of the
solution..

The disturbing effect of the lack of detailed balance in level s
might be expected to perturb the distributions of several levels imme -
diately above the level s. Bates and Kingston's tables of Py show
that for T'>1000 °K, the level p30-|jl or 2 is generally within 10%
of the equilibrium value, and P30 +5 is generally within 1%.

C. Theory of Spectroscopic Measurements

1. Introduction

Various spectroscopic techniques can provide accurate temporal
and spatial measurements of the electron or ion density and tempera-
ture in a decaying hydrogen plasma. The techniques usually involve
measurements of the absolute or relative intensities of line or continu-
um radiation emitted by a plasma, or measurements of the profiles o.f
the emission lines, Absolute line-intensity measurements provide a
means of determining the densities of atoms in the various excited

states and, therefore, departures of the system from LTE,
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constant s and constant p;y for an optically thin plasma.
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An excellent summary of available spectroscopic techniques and
their limitations has been given by Griern30 and other authors,31’ 32
Only the techniques pertinent to this thesis will be given hére, These
are (a) temperature measurements by determining the ratio of the
intensity of a épectral line to the intensity of the continuum radiation
at some wavelength, (b) temperatlire n}éasurements by determining
the rétio of the intensities of the continuum r.adiabtion at. two wave -
lengths, (c¢) electron—density‘ measurements by détermining the abso-
lute intensity of either a spectral line or of the continuum radiation at
some wavélength, and (d) ion-density meaéurements by determining
the profile of a Stark;-broadened emission line,

Figure 11 shows the spectrum of the hydrogen plasma investi-
gated in this thesis, It was taken with a small Hilger quartz-prism
spectrograph, and shows features common to the spectra of many
hydrogen plasmas. The most obvious lines are those of the hydrogen
Balmer series. There is a faint continuum radiation throughout the
visible region of the spectrum, and .a pronounced recombination con-
tinuum beyond the Balmer series.rlimit. Some faint, but sharp, im-
purity lines due to Cul, All, CII, Sill, SiIll, ‘SiIV,. OI and OII are also
visible, In comparison with them, Vthe Balmer lines are much
broadened. These features of the spectrum are discussed quantita-
tively in :%he following sections; ahd- methods of determining the elec-
tron (ion) density and temperature in the plasma derived,

2. Line and Continuum Radiation Due to the H Atom

If Nn is the density of atoms in the nth quantum level in an op-
tically thin and uniform hydrogen plasma, the energy radiated due to
spontaneous transitions from theé Eth to the Bth level is

6) =hv A N _, ' (30)
np 'np  np n
where h is Planck's constant, Vnp is the frequency of the emitted
radiation, and Anp is the transition probability for spontaneous emis-
sion, We neglect stimulated emission (this will be justified experi-

mentally in the case of the H_ line in our plasma). The transition

P
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probabilities Anp usually tabulated are averaged over all angular mo-
mentum states of a given quantum level, assuming they are populated
according to their statistical weights. Bates‘; and Kingston show that
this assumption is justified for an optically thin hydrogen plasma with
a temperature of 10,000 °K, 13 even fér the n=2 level provided the
ion devnsrity is at least 1013 crn-3, The assumption is even easier to.
justify if the ion density is higher or if the resonance lines are reab-
sorbed. |

One might‘ question the values of the transition probabilities Anp’
as they were calculated for a pure Coulomb field and an absence of
perturbing effects. Neither assumption is strictly justified if the ex;
cited atom is located in a plasma, as Debye shielding effects modify
the Coulomb potential, and pei‘tu_rbations exist in the form of electron
collisions, Little is known about such éffects but Grierri30 estimates
the change in intensity of the Hﬁ line to be only about 1% even with an
ion density as hlgh as lOl crn'3 o

We assume the upper level of the transition to be in LTE with the

free electrons. This assumption may be justified or rejected by con-

_ sulting Fig. 10, We may then use Saha's equation to calculate Nn in

terms of the plasma properties to be measured, N_, Ni’ and T. The

generalized Saha's equation may be written40¥ 41

'-‘ . . 3 2 ’ - . -
NN, 2g, (2nmkD)Y 2 x -a0/ET

= e (31)
N - h3 . o .

n

where g; is the statistical weight of the hydrogen ion relative to thg
atom (g;=1), g _ is-the statistical weight of the atom in quantum state
n (gnzznz)’ k is Boltzmann's constant, m_ is the mass of the elec-
tron, and Xp is the ionization potential from the level n. Evaluating.

the constant for hydrogen, we have

5
| S Lssx10® _3.84% 107N /TIH/2
} 2 T~_ nZ- e
N =4,17% 10 “°N.N :
n 1 €

(32)
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- The ionization potential of an atom immersed in a plasma is
lower than that of an isolated atom because of Debye shielding effects.
We have corrected for this. by replacing the ionization potential X, in

the Saha equation by Xp - Ay, where

~Here e‘is the charge of the electron and Ap is the Debye length.

- For hydrogen, -we have

_ - 1/2 ,
Ay =| —a—]| " em. (34)
- ! 4Tre Ne . B B

“This is a small cofrection f&% the plasma studied in this thesis,

Griem42 has discussed completely this and other corrections involved

Sin the thermodynamics of dense plasmas;,

- With a knowledge of the geometry of the plasma and the sensi-
“tivity of the de‘tectdr, we may use Eq. (3"(.')') to mieasure the density of
“excited gtomé in the state from which the line originates. {If the
po’pulatién of the state is sufficiently close to the equilibrium value,
Eq. (31) may be used with Eq. (30) to relafte:the observed line inten-
sity to Hfhle electron density and ’cernpera.‘cu‘re°

. Figure 12 shows the results of computer calculations of

v .U :
W, (4861) = 42 - (35)
- 4 NN,

L o | . 15
‘as a function of electron temperature for an electron density of 10

cm-3_. This transition produces the ,H[3 line of the hydrogen Balmer
series aﬁ 4861 A, a particularly convenient line to observe and the one
studied in this the'sis.}'u‘ The line intensity is seen to be strong function
~of Ithe'terhper'atur‘e, ‘and is very nearly proportional to the square of
the electron density [changing N, by a factor of 10 changes W,(4861)

by less than 10% at T=5000°K, and less at higher temperatures].
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Several precautions have to be observeé in measuring spectral
line intensities when the source is a plasma. If the electron (ion) den-
sity is 3 X lO15 crn-3- - a typical value for the plasma studied in this
thesis — - the HB line will be broadened by the Stark effect, and will
have a width at half-maximum intensity of about 3.4 A, If one observes
the line intensity photometrically, one must then use an exit slit wide
enough to pass a bandwidth of at least 50 A to guarantee that the error
caused in the measurement of the total line intensity by failing to ob-
servé the light in the far wings of the broadened line be 1% or less.

One must also guarantee that the plasma is optically thin. It is
difficult to correct for self-absorption in measuring the intensity of
the Balmer lines, as this requires a knowledge of the density of atoms
in the n=2 level, which is generally far from equilibrium in a recom-
bining plasma. Besides transmission methods, there are at least
three ways to determine if a line is partially reabsorbed. If the length
of the plasma can be conveniently varied, one can look for a linear de-
pendence of the line intensity on the length of the radiating plasma
column. If the line is very strongly reabsorbed, the intensity per unit
wavelength at the center of the line appfoaches that of a black-body at
the same temperature as the plasma, One can then measure the inten-
sity per unit wavelength at the center of the line and compare it with the
intensity one would observe if the plasma radiated like a black body at .
the electron temperature. It is possible to observe reabsorption by.an
analysis of the emission-line profiles. This is difficult, however, un-
less the profile expected in the.absence of reabsorption is accurately .
known, or the line is very strongly reabsorbed. In the latter case, the
line profile is obviously ''clipped, ' and has a.neafly flat top.

The continuum radiation emitted by a recombining hydrogen
plasma originates from at least three sources: radiative recombina-
tion (electron-ion free-bound transitions), Bremsstrahlung (electron-
ion free-free transitions), and the H continuum (electron-atom free-
free and free-bound transitions).

The H continuum is only important for T.< 10,000 °K in the

plasma studied in this thesis, and is considered in the next section, In
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general, the spectral distribution and intensity of the continuum radia-
tion is most conveniently calculated from the absorption coefficient.
For isotropic radiation, the energy radiated per cm3-se_c in a fre-

quency interval dv at frequency v is

‘U dv = 43¢ dv , . (36)
v v

where e v is the emission coefficient., The absorption coefficient of

the material K, is defined by
2 = -k U_, - (37)

where £ here is length along the optical path of the radiation. In. the

- case of free-free and free-bound transitions, the emission.and absorp-
tion coefficients are then related by Kirchoff's law (assuming only a
Maxwellian energy distribution of the free electrons):

3.

hv/kT
c2 e V/ -1

€

r:BV(V, T):
-V

The material absorption coefficient ks, is related to the atomic absorp-

-tioncoefficient k;} by
I -hv/kT

€, = Ny(1 - e X, . (39)
~Here kv is the absorption coefficient per H atom in the ground state,
" and is.-a function only of the properties of the atom, the temperature,
" and the frequency of the incident radiation. The atomic absorption.
coefficient k.v includes contributions from all bound and free states.
It is expressed in terms of-the ground-state denvsity'for convenience.
The factor (1 - e.-.’h.v/ki)
Eqgs. (36), (38), and (39), we may write the continuum energy radiated

corrects for stimulated emission, Using
3 .
per cm™ -sec in dv at v as

' 3 . ,
- 8mhv N e-hv/ka dv : (40)

v 2 o1 v
c
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In thHis application of detailed balancing to relate the absorption of
radiation to the erission of radiation, we may assume complete
thermal equilibrium and calculate Nl from Saha's equation, (31).

Unséld43 gives a classical expression for kV:

4 m elOZ2 .-ul 4 un‘ u5
_ b4 e e 1 e e
ky = ) | (41)
733 k3 - T3 3 n3. 1|

un<n
Here Z is the charge on the nucleus (1 for hydrogen), u=hv/kT, and

u = Xn/kT .. The first term in the brackets results from summing the
contributions from bound states capable of absorbing the incident radia-

_tion up to _nf_:.4 (an éurbitrai'y.choice);. The second term results from

. . the.contributions of the.bound étates with n.>4 (an integral approxima -

. tion to the sum). and.free-free absorption (inverse Bremsstrahlung).

Exact quantum-mechanical expressions are similar, except that

“each term in. the bracket in Eq. (41) is multiplied by a quantum-
mechanical correction factor (gfb‘)n‘v or _g_ff (for free-bound and free-
free transitions, respectively). These are called -Gaunt factors, and
are approximately 1 for reco.rrvlbinin'g plasmas, - The bar denotes

._.averaging over the various angular momentum -é-tates. Brussard and
van de I—.Iulst44 in a rec'ent review article give a.good discussion: of the
radiation from free -bound and free-free traﬁsitions of the H atom,
including Gaunt factors,. ‘

The number of bound states of a hydrogen atom. in a,plasma is

. reduced because Debye shielding effects produce a non-Coulomb poten-
‘tial, Gr_,iern[l,2 shows. that it is consistent with the correction to. the
ionization .potential given by Eq. {(33) to assume that the last bound .

state (having ‘-I:Drincipal gquantum number nmax") satisfies the equation

X, =Ox. - (42)
max
Therefore, we may as well extend the sum in Eq. (41) to include all
bound states. Including Gaunt factors, the atomic hydrogen absorption
‘coefficient becomes (with Z=1), in a form more exact than given by

Eq. (41),
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We see from Eqs, (40), (31), and (43) that Uv is very nearly
proportional to N.N., and that the frequency dependence is very

nearly e -hv/kT,

Computer calcul,vations of .Uv as a function of tem-
perature, using Eqgs. (40) and (43), with Gaunt factors taken from the
Tables of Karzas and La,tte_r45 are shown in Fig. 13, An ion density
of 1012 qm-?’ was assumed,
| From the derivations just given we see that the intensity of any
spectral line (assuming the upper state to be in equilibrium with the
free electrons) or of the continuum radiation at a given wavelength
(assuming a Maxwellian distribution of electron energies) is pfopor.—
tional to. NiNe" The intensities of line and continuum .radiations have
very different temperature dependences, however., Therefore the
ratio of the intensity of a spectral line to the intensity of the continuum
radiation at some wavelength is a function of temperature but not of
~density, and may be used to determine the temperature of the plasma.
The. same is true of the ratio of the intensities of the continuum radia-
tion at two wavelengths,

The electron (ion) density may be most. conveniently determined
by an absolute measurement of the intensity per unit wavelength of
continuum radiation at a wavelength chosen such that the variation of
‘the intensity with temperature is minimized, Then the density meas-:
urements are relatively insensitive to uncertainties in'the tempera-
ture,

In the experimental work described later in this thesis, .simul-
taneoﬁs measurements were_m_é,dé.of the intensity. of radiation
emitted by the plasma at three wavelengths, We will justify the choice

of these wavelengths at this point and give theoretical curves of the
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intensities as functions of the plasma parameters, reserving the
major part of the experimental details for a later section,

Absolute intensity measurements were made of the HB line and
of the continuum at two wavelengths, The' Hﬁ line of the Balmer
series was selected for observation because it was at a convenient
wavelength for obser{ration with photomultipliers, was not likely to be
‘reabsorbed in the plasma, and because the broadening mechanisms
were best understood for this line, .

One continuum wavelength was chosen at about 5300 A because

the function

W_(\) =U )\iz ~ (44)

(assuming a temperature of 10,000 °K, typical of our plasma) has a
maximum at this wavelength, making absolute continuum-intensity
measurements particularly suitable for density determinations. The
wavelength chosen is also far enough from th.e 'Ha and H[3 lines that
the contribution of the wings of these lines to the continuum intensity
is less than'1 % for our plasma, The témperature dependence of the
continuum intensity for a bandwidth of 1 A at a wavelength. of 5320.;&
is shown in Fig. 14 for three electron densities. The actual choice of
wavelength depends on the presence of impurity;.lines,in the spectrum.

The second continuum wavelength was chosen at 3225 A, again
to avoid impurity lines, on the short-wavelength side of the Balmer-
series limit.,.. The temperature dependence of WC(_3225) is shown. in
Fig. 15 for two electron densities, .

Figures 16, 17, and.18 show W£(4861)/W (5320), W!(4861)/
‘ ch(_3225), and vWC(53-20 /WC(3225), respectively.. Any one of these
may be used for temperature measurements,. The ratios are com-
pletelyindependent of the ion density,. The ratio W£(4861)/WC(5 320) has
the strongest temperature dependence, and should provide the most
precise measurement of the temperature.. The ratio .W[(4861)/WC _
(3225) is the least dependent on the disturbing.effect of the H . continu-

um, which is expected to appear at temperatures much below 10,000 °K,
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Fig. 16. Plot of W, (4861)/WC(5320) as a function of temperature.
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The third ratio, W (ﬁ3‘2<0)/W (3225), has the advantage that it does
not depend on the kn0wledge of the population of an excited state, but
depends only on the assumption of a Maxwellian distribution.of ener-
gies of the free electrons. All three methods were used in tempera-
ture determinatidns in thls thesis, ' |

. Similarly, if the temperature is known, an absolute intensity
measurement at any wavélength will yield the ion.densitfc. A measure -
ment of .Wc(-5 320) .should yield the most precise value, owing to the

particularly weak temperature dependence,

3.. Continuum Radiation Due to the H~ Ion

A strong continuum radiation may result in partially ionized
hydrogen plasmas from free-free and free-bound transitions of elec-
trons in the residual field of the neutral hydrogen atom. These pro-

cesses are described by

H4e—-H+e +hv : : (45)

and .
H+e—>H +hv, . ' (46)
with absorption coefficients k;ff and k\:fb’ respectively, Using the

methods developed in the last section for calculating the emission

from a plasma. in terms of the absorption coefficient, one can easily
calculate fhe emission at a given wavelength due to.these processes,
It is convenient to relate this emission to the emission due to H, .as

calculated in the last section., The “H  continuum intensity is given

by

w_(\), | (47)

where Wé:_()\) is the emission per unit wavelength due to H, -WC()\) is
the emission per unit wavelehgth due to ‘H, k; is.the total absorption

coefficient of the H” ion, N___ is the number density of H ions, and



-46-

Nleq is the number density of 'H"e.Ltoms in the ground state, if we
assume equilibrium conditions.

Because of the low ioiﬁzation poten’tial. of tﬁe H™ ion (XH_ is
only 0.7496 €V), in plasmas with electron temperatures of approxi-
mately 1 eV the density of H™ ions will be essentially in thermal
equilibrium with the density of H atoms in the ground state. We may
therefore use Saha's equation to relate N . to the'Etu_al density of .
ground-state rlleutrals in the ‘plasma, Ni :I_FI) (l)Nleq, Equation (47)
then becomes ‘

k p(1)N

W'xz—v————ewxv,-r, (48
W RCS I e

where S(T) from Saha's equation is

- 3/2
N. N 2g, (2em kT)/° -y __/kT) .
siT) = L2 o e e THTU (49)

H g~ h3

The quantity WC-()\)/WC()\)p ('l)Ne. is shown in Fig, 19 as a function of
temperature for the two continuum wavelengths 3225 A and 53204,
In this calculation . we have useci the H™ free-free ab»sérption coeffi-
cients of Ohmura and Ohmura46 and H™ free-bound absorption coeffi-
cients of C]:yar;drase.kha,r.,47

LIt ié apparent from Fig. 19 thlat if we assume an electron density

of '3 X-lOlS,Cm—’z’, typical of our plasma, the H . continuum will be
much less than the H continuum at.either wavelength, even for

p(l)=1, provided T is greater than 10,000 °K.

4. Broadening of the Balmer Lines

In a dense recombining hydrogen plasma, -the Balmer lines are
broadened primarily by the Stark effect, The radiating atom is very
likely to- find .itself in a strong electric field, because of the presence
of nearbyiqns and electrons. The existence o;f ions can usually be
treated in the static approximation, in which the ions are assumed to
be fixed during the radiation.event. This theory was fifst developed

by Holtsmark,'48 who computed hydrogen line profiles from a
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field -strength distribution function derived from the ''nearest-

neighbor'" approximation, The recent development of a generalized

50

impact-broadening theory by Baranger49 and Kolb and Griem™  has

permitted inclusion of important electron-broadening.

- Calculations of accurate line profiles, described by Griem et al.

51

are extremely complicated. They have calculated profiles of the

first two Lyman lines and the first four Balmer lines for a wide range

52 More recently, they have published more

accurate calculations of the H_ line profile.,sa’ b4 These H_ profiles

§

are expected to have an overall accuracy of about 15%, and agree very

of plasma properties,

well with H, line profiles recently determined experimentally by
Wiese et al,®> :
The Balmer line profiles vary in width roughly as ‘N12/3 .and are
not strongly dependent on the temperature, Therefore they provide a
useful means of determining the ion density in a-hydrogen plasma. By
measuring the line profile for a considerable distance on each side of
the center of the line and comparing it with theoretical prof‘iles, an ac-
curac"y of the order of 20% can be achieved in ioh-density measurements,
The only other significant line-broadening mechanism in dense
hydrogen plasmas is Doppler broadening. For the- H[3 line, the half-

width in angstroms at half maximum due to Doppler broadening is
Akp = 1.74 % 107 /T . (50)
The half-width in ahgstroms due to Stark broadening is approximately

_AxS:7.3><10"“NiZ/3, (51)

We are then justified in neglecting Doppler broadening for

AX_. - .
Z;\—R:2A><107 e
s N.2/3

We are probably safe in neglecting Doppler broadening in ion-density

measurements for
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AN L

D<oz, o (53) .
A')\ 3 :

especially if the line profile is observed for a considerable distance

from the center of the line. (Dopplef .broadenihg,affec’ts primarily the

central region of a Stark-broadened liné.)
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IIT. EXPERIMENTAL APPARATUS AND TECHNIQUES
OF MEASUREMENTS

A. Apparatus for Plasma Production

The Vappa.ratus uéed to produce a plasma has been described in
several publications," 21,28, 56 57 and. is. reviewed here on_ly briefly..
A schematic diagram of the a.ppa.ra‘t'us is shown in Fig. 20. A hydrogen
plasma is produced in a cylindrical ‘copper tube 14.6 cm in diameter
and.86.4 cm in length, closed at both ends by quartz plates and located
in a uniform dc magnetic field of 16 kG, The tube is initially filled
with hydrogen gas at.a pressure of about 0.1 Torr, A lumped-constant
pulse line charged initially to 10 kV is connected by an’ignitron switch
to a. cylindrical molybdenum electrode concentric with the..t:oppef
cylinder and located in the center of one of the quartz.plateé-. The gas
breaks down.about 1.5 pusec after application of the high voltage, the .
current rising to a constant value of 6.7 kA in an additional 3 wsec and
ionizing the gas between the electrode and the wall of the tube. This
radial current, crossed with the axial magnetic field, exerts an azi-
muthal force on the plasma, causing the plasma to rotate. - A well-
defined jonization front develops and proceeds down the tube with a
velocity, for fhe conditions in this experiment, of 4,85 cm/psec,
Such-a phenomena has been called a '"switch-on ionization wave' or
"hydromagnetic ienizing wave, " and has been investigated theoreti-
cally by Kunkel a.nd-Gross.,58 |

If the current continues to flow after the ionization wave reaches
the end of the tube, prominent spectral lines of impurities appear,
The driving current is therefore shorted (''crowbarred") by the '"crow-
bar' ignitron switch shown in Fig. 20 before the ionization front
reaches the end of the tube. The voltage across the tube then drops to
zero, while the direction of current flow reverses as the energy of
rotation of the plasma is dissipated. Oscilloscope traces of the cur-
rent into the tube and the voltage across the tube as a function of time
on a typical shot are shown in Flg 21,

After about 25 psec the power input into the plas'ma is essentially
zero, and the plasma begins to cool and decay. It was primarily during

the decay period that the spectroscopic measurements were made.
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(lower beam; 4710 V/large division) as a function of time on a
typical shot. The sweep speed was 5 psec/large division,
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Wilcox et al, have shown that hydromagnetic ''swirls'" develop

59

in the plasma after crowbar.” . These swirls indicate macroscopic
motion of a nonuniform plasma, . and are obviously u_ndesir‘able’ “in a
study of recombination., Fortunately they may be suppressed.by the
insertion of a conducting screen in the end of the tubé opposite the
electrode. ‘The conductor constrains electric fields in the plane per-
pendicular to the axis of the tube to be zero and prevents motion of the
plasma in directions perpendicular to the magnetic field, The decay-
ing plasma then shows no evidence of motion during the decay period.

All data in this thesis were taken with such a conducting screen in

place.

B, Apparatus for Line- and-Continuum-Intensity Measurements

Absolute measurements of the H_ line intensity and the two
bands of continuum radiation were made by comparing the brightness
of the plasma with the brightness of a carbon arc used as a radiation
standard, Figure 22 shows the experimental arrangement. Radia-

' tion leaving the plasma through a 3/8-in,-diam hole in the conducting
screen (made of 0,005 -in, ~thick copper '"Lektromesh' with 25 lines to
the inch) in the end of the tube is reflected by the small‘mirro'r and
focused by a quartz. lens onto the entrance slit of a Jarrell ~-Ash Model
JA-7102 3.4-m plane-grating spectrograph., The system was accu-
rately aligned by using a cathetometer so that the optical axis of the
spectrograph was parallel to the axis of the copper tube., There were
five holes in the screen, placed at radii of -1.3,. 16, 33.5, 50, and
64.5 mm (the tube wall was at 73 mm). The small mirror could be
moved on ways in the direction of the arrows, so that light from any
of these five holes could be imaged onto the entrance slit of the spec-
trograph. The aperture at the lens was of such size that the grating
of the spectrograph was almost fully illuminated. » .

Located in the focal plane of the spectrograph were three mov-
able assemblies, each containing an adjustable exit slit and a mounting
for a photomultiplier. They could be positioned to select various

regions of the spectrum as close together as 400 A in the first order,
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- For several reasons, EMI 6255B photomultiplier tubes were
selected., The first dynode stage has a very. large area _availéble for
- collecting photoelectrons, because of the ''venetian blind" dynode
‘structure. Therefore, the qtiantum efficiency should vary.very little
over the central regions of the photo.ca’chode,()O and the sensitivity of
the tube should be almost constant across a wide exit slit, = The tubes
have high gain and very low dark currents, The quartz envelopes per -
mit their use to below 2000 A, Stability of gain over long periods was
. essential; these tubes. were quite satisfactory in this respect during
. use. They also show very little tendency to Ufatigue, ' or change gain

61, 62 However, they show a slight

when illuminated by a steady light,
tendency to change gain with temperature, the coefficient being about
1.3% /°C for blue light, - . |
- When observing very weak light signals with the- phofomulti-

pliers, scattered light within the spectrograph may contribute to the
signal, This was eliminated by placing filters in front of the photo-
multipliers. Interference filters were used in the case of the I—IB line
and the band of continuum in the visible, and a Corning Type 4-76 uv
filter was used with the photomultiplier observing.the'band of continu-
um radiation in the uv, As the uv signal was observed in the second
order of the diffracted spectrum, this filter also eliminated the over-
lapping first-order spectrum. N

-The gain of the tubes was kept constant during the course of an
experiment by observing light pulses from an AR-4 argon lamp mounted
- within the spectrograph and used.as a secondary étandard, A small
pulser connects a delay line charged by a very stable dc _high-volta.ge
supply across. the lamp at a 60-cycle repetition rate, providing 50-
- nsec pulses of light from the AR-4 lamp. This device was‘ developed
by the Counting Research Group at this laboratory, 63 and has been
used by them for similar purposes., The temperature coefficient of
.the lamp was measured and found to be about +0.1%/°C, Every 15 or
.20 minutes during the course of the experiment the lamp was turned
on, and the filters in front of the photomultipliers were swung out of

the way, permitting an-unobstructed view of the lamp by all three
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photomultipliers, The peak amplitudes of the signals from the photo-
multipliers were measured by comparison with a standard reference
‘voltage using a Tektronix Type 551 oscilloscope and a Type Z cali-
“brated differential comparator plug-in unit, If the signal amplitude ’
differéd from the previous reading, the vbltage on the photomultiplier
“was adjusted manually to repeat the previous reading. A coaxial
switch permitted monitoring each photomultiplier in turn. By using
‘this system, the gain of the tubes could be kept constant to about 1%
during the course of an experiment, Without this system of monitor -
ing the gain of the tubes, the gains might change 5 to 10% during the
' course of a several -hour Qlong experiment, because of a steady in-
crease in the room temperatute, When not in use, the lamp was
turned off and the signal lead to the oscilloscope disconnected,

The photomultipliers were shielded against the fringing field of
" the' solenoid by two layers of soft steel tubing and one of mu metal.
 With the AR-4 lamp as a reference, the change in. gain of the tubes
- when the magnetic field was turned on could be observed, and was
"'minimized by rotating the tubes-in their mounts about their longitudi-
nal axes. The small residual gain change, not over 2.5% in any case,
was taken into account in the data analysis. These precautions were
necessary because the arc could not be made to run properly with the
magnetic field on,

'In observing the plasma, the signals from the photomultipliers
were displayed on two Tektronix Type 551 oscilloscopes used with one
Type L and one Type CA dual-beam preamplifier each and-phot(,\)graphed.
"on Polaroid film, - All three signals were displayed on both oscillo-
scopes, permitting the same signals to be viewed at different gains
and sweep speeds. The time bases of the two oscilloscopes were cali-
brated by using a‘Tektronix Type 180A Time-Mark generator. Before
-each experiment, all preamplifiers were calibrated by using the built-
in calibfation voltage of one of the oscilloscopes. For more precise
‘reading of the Polaroid pictures of the oscilloscope traces, the signals,
which were quite ''grassy'' in some cases due to the low light levels,

were filtered by a simple RC network consisting of a 5.1-kf2-load
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resistor shunted with a 400-pF capacitor. The time constant of this
combination was 2 .psec, which was shorter by a factor of 50 than the
decay time of any light signal observed from the plasma and so could
not introduce sig_nificant errors in the measurements, Light signals
on three consecut}iVe shots are shown in Fig, 23',' ’

A carbon arc was used as a radiation standardc‘ Euler64-67 has
shown that the anode of a suitably operated car’bb_n arc reaches a tem-
perature of 3995 °K and has an emissivity of about 0,75, which varies
slightly with wavelength. Further details concerning the use of a car-
bon arc as a radiation standard are given in Appendix C. The anode
spot of the arc was focused by a second quartz lens onto the hole in the
screén at 33.5-mm radius .at the end of vthe tube, and from there by the
first:: léné onto the entrance slit of the spectrogréph, Before calibra-
tion,_".the quartz plate supporting the electrode was removed. The
lighf_path from the screen to the photomultipliers was then identical,
whether the plasma or the arc was being viewed. The transmission
of the lens used to image the arc onto the screen must be known; this
can be calculated with sufficient accuracy frém the transmission and -
index of refraction of fused quartz. The brightness of the arc image
can then be calculated from the temperature and emissivity of the car-
bon éﬁode, and fhe brightness of the plasma can be determined in
principle by a direct comparison. )

* Without suitable precautidns, hoWever, the brightness of the arc
image cannot be compared directly to the brightness of the plasma,
since the plasrr'1a, emits a short pulse of light, and the arc is dc.
Furthermore, at some wavelengths there is a great disparity in inten-
sity of light from the arc compared to that from the plasma. To make
direct comparisons possible, a shutter was used to obtain a 4-msec
pulse of light from the arc with a 200-psec risetime, and the resistors
in the divider string supplying voltages to the last several dynodes of
the photomultipliers were shunted with large (up to 1 uF) capacitors to
reduce gain changes during a long light pulse. The values of the capa-
- .Citors were chosen so that the change in gain upon viewing a step of

light giving an anode current of 1 mA (which was never exceeded when
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Fig. 23. Light signals on three consecutive shots. The upper trace
shows the continuum intensity at 5305 A. The middle trace shows
the Hg line 1nten51ty The lower trace shows the continuum inten-
sity at 3225 A. The sweep speed was 20 u sec/cm.



59 -

either the arc or the plasma was viewed) was less th_a‘,r;}tg;%/‘msec.

. This was. verified;.exi)erimentallyu The gain of the .tubes‘ could there-
fore change by only an insignificant amount during either the duration
of the plasma light pulse or the early part of the arc light pulse. The
arc is much brighter than the plasma at,53ZO-A,>,necessit_ating the use
of an optical a\ttgnvuato’r'.‘(a Wratten No, 96, N, D, 1.00 filter, the trans-

- mission of which was measured in a_separat_e experiment) to reduce

the arc signal to'below 1 mA With the use of this filter, the difference

in intensity between the arc signal and the peak intensity of the plasma

: signal at a given.wavelength was never more than a factor of 10. The

. output of the phétomultipliers was determined experimentally to be

proportional to the light input to within 5% over a. range of three

‘ decad_és in intensity, .With all of these precautions, the photomulti-

. pliers could be trusted to give valid comparisons of the brightness of
- .-the arc to that of the plasma with a maximum error of about 5% .
The shvort—.and; long-term stability of the entire system can be

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

~. ..the three wavelengths, - A series of five or six consecutive measure-

. ments of the arc signal shows a fractional rms deviation of about 1%
“at all wavelengths, This is probably due to éctual time variation in
brightness of the arc, The long-term stability of the entire system
was determined by repeating this type of measurement six times dur-
ing a period of two weeks, The average intensity (averaged each time
over six consecutive shots) showed a fractional rms deviation during
the 2-week.period of about 3% at all three wavelengths, and showed no

indication at all of a drift,

C. Apparatus for Line-Profile Measurements

The profile of the H line was determined as a function of time
by means of an 18-channel 'polychromator.'" The predecessor of this
instrument has belen described by Spillman et al=,68 The instrument
consists of a Jarrell-Ash Model 82-000 monochromator, modified by
the addition of two cylindrical lenses to give greatly increased linear

dispersion, Eighteen narrow lucite light pipes in the focal plane slice
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the spectral line image and pipe the light to as rﬁariy'lP-Zl photorﬁulti-
pliers, The positions of the channels in Wavelength may be deter-
jmined by scanning a narrow spectral line from a Gé'i_s sler ‘tube across:
-the 1ight pipés, using the grating drive of the monochromator.  The '
relative sénsitivities are determined by viewing a continuous source _
such as¢th€ ‘carbon arc or a tungsten lamp with é.ll é:hanne'ls ‘Simultan-
~eously. Five Tektronix Type 551 dual-beam ‘oscillbscopes- equipped
 with 2 Type L and 8 Type CA (dual-channel) preamplifiers were used
‘to record the data on Polaroid film, . '
‘ - The Polaroid pictures were read on a semi-automatic data- v
" processing machine developed for use in analysis of bubble-chamber
‘pictures.’ This machine punched out the coordinates.of points on the
" oscilloscope trace and fiducial marks on IBM cards. The data in this
- -form, toglethei‘ with the spacing and relative sensitivities of the
channels, .:were fed into an IBM 7090 computer, Wh'ibch calcul’ated. ex-
periment#} line profiles as a funqtidn of time and sélected,a rﬁatching
o fheoretical_ profil.e (using a two-dimensional least-squares-fitting pro-
‘cedure). Theoretical calculations of the H, profiles by Griem et a1.53
- were us’eci."- The profiles were also plotted and phofographed_on the

cathode -ray-tube output of the IBM 7090.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION . .

A, Choice of Wavelengths for Observation =

In selectlng regions of the spectrum for observatlons of the inten-
S1ty of the continuum rela.tlon the wavelength and bandpass must be
chosen such that no lines contribute apprec1ab1y to the s1gna.ls observed,
when viewing either the plasma or the arc., Faint line radiation in the
spectrum of the plasma may originate from molecular vhydrogen or im-
purltles, in the spectrum of the arc, from molecules (C and CN,
pr1nc1pally) or impurities in the arc plasma, .Spectrographic pl.ates of
‘the arc spectrum taken with the 3.4-m spectrcgraph showed prominent
" CN-band _r'adtation extending into the uv to about 3300 & due to the CN
violet system, with bandheads at 3583.9 A,_ 3585.9 A, and 3590.4 A,
The uv continuum wavelength was chosen arbitrarily below this wave-
length in an apparently ''clean' region of the arc l'spectrum around
'3225 A. A scan of this region of the arc spectrum with the small
Jarrell-Ash Model 82-000 scanning monochromator shown in Fig. 22
verified that there were no lines in the region 3220 to _3230_vA brighter
by more than a few per cent than a bandwidth of 0.3 A of the continuum.
Similar results were obtained for a region between 5300 and 5330 A,
‘and between 4830 and 4890 A, All these observations were consistent
with direct measurements of the intensity of the a,rc plasma radiation
in these regions of the spectrum by viewing the arc first énd-on and
then side-on, No measurements indicated a contribution of more than
_'105% from the arc plasma to the brightn'ess"of the arc within these
wavelength limits by either line or continuum r;é,dié,tidn '

Line radiation from the plasma of comparable brightness to the
continuum radiation was generally too falnt to ‘detect photographlcally
with reasonable exposure times, 'The reg1ons of the plasma spectrum
already. shown to be free from extraneous radiation in the case of the
arc were scanned by using the small monochromator., The ‘wavelength
wesl chan’ged'every thir'd shot, S'ever"a.l'ver'y faint and unidentified lines
were found in this manner in the reglons of the spectrum of interest,
but 1t was possible to avoid them. The region of the spectrum around

H_ was not observed. Possible errors in the’ contlnuurn intensity

p
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measurements due to the presence of faint lineswere‘estimated from
a statistical analysis of the data. The wavelengths and bandwidths
finally chosen, together with estimates of ‘possible errors caused by
faint undete‘c'ted lines, either in the plasma spectrum or the arc spec-

trum, are glven in Table L.

Table 1. Wavelengths and bandwidths used, with estimates
of the maximum p0551ble error due to unwanted line

radiation from thé. plasma or from the arc.

- Maximum e'rrror due to lines (%)

Channel A Bandw1dth _ - — :

. ' (A) ' (A) From the plasma From the arc
v 530'5_‘ ) 11.5 _ .. 3.0 L 1
2. 4861.3 50 L. == , ‘ 1

3. 3225 4.0 3.5 S

B. Estimate of Longitudinal Uniformity by Side-on Observations

Most of the spectroscopic observations were made by looking in-
to the end of the tube, a‘nd .80 yielded values of electron density and
_ temperature averaged in some_ sense along -the line of sight. It was
imperati_ve thereforeto make some estimate‘of tl_'ie longitudinal uni-
formity of the plasma. The longitudinal uniformi—ty_ of this particular
plasma was already s,u,lsp‘ect, as Kunkel andvGross58 showed that a
hydromagnetic ionizi.ngﬂwave of the type used t‘o produce this plasma is
compressive-and must. necessarily be followed by a.rarefaction wave.

To investigate the longitudinal uniformity of the plasma we
drilled five 1/2-in. -diam holes in the side of the tube, and sealed them
with thin quartz w1nd0Ws . A mirror mounted at an angle of 45 deg on
a movable carriage allowed light from any of the five holes to be re-
fleoted.out to a detector along a line parallel to the axis of the tube.
The detector consisted of an RCA 1P21 pliotomultiplier and an inter-
ference filter, To make relative density measurements as a function

of axial position, an 1nterference filter hav1ng a bandpass of 9 A
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centered at 5305 A was used, The temperature was already known
from preliminary measurements to be about 10,000°K, We see from
Fig. 14 that the light intensity at this wavelength should be very nearly
proportional to the square of the ion density and roughly independent of
temperature. At each window five shots were taken, the intensities
averaged at a number of different times, and the square root of the
average intensity (coxfrected for geometrical effects) plotted against
axial position. The resulting profiles (which should be proportional to
Ni’ averéged in some way over the tube diameter‘) are shown in

Figs. 24 and 25,

At 20 psec the hydromagnetic ionizing wave is still proceeding
down the tube, The variation in ion density behind the ioniéing wave
is of the order of 25%. A sharp jump occurs in the ion density at the
end of the tube at 40 pusec, when the ionizing wave strikes the screen.
We would expect such a perturbation in the ion density to disappear in
roughly the time for an acoustic wave to travel the length of the tube.
Calculating the transit time of a sound wave at the prevailing tempera-
ture of the plasma early in time, about 15,000 °K, from the formula
for the acoustic wave velocity given by Spitzer,69 we obtain a time of
43 pysec. The nonuniformity of the density has indeed practically dis-
appeared by 80 usec! After 80 psec, the density seems to be uniform
along the axis to within about 15% . |

Temperature measurements as a function of axial position and
time are more ambiguous. Measurements similar to those described
above were also made looking at the H, line, One can estimate the
temperature variation along the axis by dividing the average (again

averaged over five shots) H, intensity (arbitrary units) at a given

time and axial position by thﬁe corresponding average intensity at

5305 A, giving W£(4861)/WC(5305) in arbitrary units and averaged in
some way over the radius, These ratios were then normalized to the
ratio obtained by averaging over radius the (absolute) temperature
measured from end-on observations (described in the next section),

and 'temperatures' were derived from the resulting ratios. The ab-

solute values of these 'temperatures!' are unreliable, and will not be
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quoted; however, .after 80 usec, the 'temperatures' so derived
showed less than 20% variation with length,

These rather crude measurements suggest that the density and
temperature of the plasma are probably. constant along magnetic field

lines to within 20% from 80 to at least 200 psec,

C. Comparison of the lon Density as Measured by Stark
~-Broadening of the Hﬁ Line and by the Absolute

Intensity of the Continuum at 5320 A

Using the pelychromator, ‘we simultaneously measured the
broadening of the -HB line, . tl:e ;abse_lute intensity of the I-_I[3 line,. a?d
the absolute intensity of a 5-A band of continuum centered at 5320 A
(another region checked and found free from line radiation). These
measurements were made looklng end on at a .radius of 35 mm, using
. the beam splitter shown in:Fig, 22.  The H[3 line profile at 50, 100,

A 150 and 200 psec on a.typical shot are shown in Figs, 26, 27, 28, and
29, respectively, together with computer-selected ''best fit'" theoreti-
ea-iiprofileé- of Griem et .21.105‘3 A temperature of 20,000°K was
, eésﬁmed in the curve fitting. One channel of the polychromator was
inoperetive; hence only seV.enteen.points ‘are shown on each line pro-
: file.,\

- Agreement between the experimental points and the best-fit
theoretical profile is generally very good., We have: never observed
.the dip which theoretically should occur in the center of the HB line
profile, It is very likely that the dip is filled in by radiation from
low-density regions in the plasma boundary, or is 'smeared out by
Doppler broadening. The curves have not been corrected fer Doppler
broadening or instrumental broadening, beth which are small, how-
ever, compared to the Stark broadening,» An estimate of reabsorption,
based on a comparison of the intensity at the center of the H[3 line ‘to
the intensity of a black body radiating at the plasma temperature, ‘indi-
cates that the intensity at the center of the line may be reduced as

much as 10% due to reabsorption at 200 usec, and less at earlier

times. This small amount of reabsorption, affecting only the center
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of the line, would have a negligible effect on the value of ion density
from the line profiles,  The slight axial inhomogeneity present after 80
psec probably-also would have no visible effect on the line profiles,

. The temperature as a function of time was calculated on the same
shot from the ratio of the Hﬁ line intenéity to the intensity of the band
of continuum radiation, From these values of the temperature and of the
absolute intensity of the continuum radiation at 5320 A, the ion density
was calculated for thvebsame times on the same shot, using Fig, 14 .

Figure 30 shows the ion density measured by the two methods as
a function of fime for this particular shot, with estimated errors. The
values of the ion density determined from the line profiles have been
corrected for T # 20,000°K (about a 10% correction), The two values of
ion density agree in each case within the experimental errors, On this
and other shots, there seems to be about a 20% discrepancy between the
two values of ion density, but this is probably not too significant. A
number of refinements of experimentartechnique, particularly those
dealing with the operation of the photomultipliérs, were not yet in use
when these data were taken, These would affect primarily the absolute
line - and continuum-intensity measurements. In fact, the ion densities
derived from these polychromator measurements agree almost exactly
with the densities derived from more accurate absolute line - and
continuum-intensity measurements made 7 months later and reported in
the next section., ~Agreefnent between the two measurements of the ion
density is therefore probably even better than indicated in:Fig, 30,

On the basis of this generally satisfactory agreement of the two
methodé, it was decided to make all further ion-density measurements
~-by absolute continuum-intensity ‘measurements, The ion~density
"measurements using the polychromator are more nearly foolproof, but

are potentially less accurate and require much more data reductions.

D. End-on Measurements of the Electron (Ion) Density

as a Function of Time at Different Radii

The electron density and temperature were determined as func-

tions of time at five radii (corresponding to the locations of the holes in
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the copper screen), from measurements of the absolute intensity of the
H_ .line and of the two bands of continuum radiation at 5305 A and

3225 A listed in.Table I.- The volume of plasma observed was approxi-
mately that of a long-tapered truncated prism, parallel to the axis of

the tube, and with 1- by 10-mm and 5- by 10-mm bases. -At each radius
and time, three temperétures were calculated..from the three pbs sible
different ratios of intensitieés, We distinguish the three temperatures,

for simplicity, by the following notation:

ST /v): the temperature as measured from the ratio of
the Hﬁ line intensity to the visible continuum
intensity

T(£ /uv): the temperature as measured from the ratio of

the HB line intensity to the ultraviolet con-
tinuum intensity |
T(V/uv'): the temperature as measured from the ratio of

the two continuum intensities. .
These temperatures as a func;tion.of time at each radius are shown in
Fig, 31, - Each point is an.average of six shots. ‘Agreement between the
three temperature measurements at a given time and radius is generally
- very good, indicating small-systematic errors, Considerable discrep-
ancies — — a factor of 2 or more — - exist late in time,. however, in the
temperature measurements nearest the wall of the tube (r =50 and
64.5 mm). There are three possible reasons for these discrepancies:
(1) the population of thevupper level of the line may not be in equilibrium
with the free electrons,- [p(4) < 1];(2) the Hﬁ line may be partially
reabsorbed, leading to an error in the measurement of the population of -
the n=4 level; and (3) there may be a significant contribution to the
'"continuui’n intensity, especially in the visible, because of the H ™ ion.
Before discussing these }‘)ossibilities,v we ¢an easily estimate the fem-
perature when one or more of these disturbing effects are present by
simply plotting the temperature at a given time versus ‘ra‘c.lius, assum-
ing the temperature to be zero at the tube wall, and.interpolating. The
dashed portions of the curves in Fig. 31 were obtained this way. One
may. also use the data to find the ion density as a function of time at the

five radii, The results are shown in Fig. 32.° ‘All points (averages of
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six shots, again) except those late in time in.Figs, 32d and e were ob-
tained from measurements of the absolute intensity of the visible con-
tinuum radiation, " As in Fig. 31, the dashed portions are inferred from
other measurements and by interpolation,

‘We now discuss the discrepancies in the temperature measure-
ments, in particular those shown in Fig. 3le, Using, population coeffi-
cients calculated by Bates and—Ki_ngs'con,13 and assuming unfavorable
plasma conditions of T=4000°K a.’nd-N = 1014 -3, we conclude that

in a recombining plasma opaque to the Lyman lines, p ({L) 2 0.8. This
.reduction in p'opulation of the level from the equilibriurr:i value then
causes a 20% error in the line intensity which is. feﬂected as a< 5% in
T(2 /v), and a <10% error in T(£ /uv), with T(Z/uiv),>' T(L /v) > T.
T(v/uv) is not affected. As the observed discrepancies are much
larger than 5 to 10%, it is unlike'ly that they are caused primarily by a
Alack of equilibrium in the n=4 level.

- Discrepancies in T(v/uv) can only be explained by the assump-
tion of a source of continuum radiation in addition to that due to the H
-atom., The most likely cahdidate is the H~ ion. From Fig., 19 we can
estimate the importance of the H™ continuum with re spect to the H
~ continuum. Using Fig, 19 and values of T .and Ne shown in Figs. 3le
and 32e (r =64.5 mm), we estimate that the H~ continuim should become
noticeable at this radius (equal to 10 to 20% of the H continuum) be-
tween 80 and 100 psec. The 'break' in T(v/uv) actually occurs before
this time, at roughly 60 psec. It is difficult to more accurately esti-
mate the 1nten51ty of the H™ continuum, as it depends on T, N o’ and
| l’ ‘none of which are known under plasrna conditions where the H™
continuum is present. The existence of an additional continuum due to
the H ™ ion causes‘ all three temperature measurements to be too high,
with T(v/uv) > T(£ /v) > T({ /uv) > T.

The ex1stence of the H~ contlnuum also 1nterferes w1th the
electron- den81ty measurements We can easﬂy set an upper limit on
the electron density, however; by calculating it as though the continuum

radiation consisted only of the H atom contribution, We see from

Fig. 19 that for T < 5000°K, the ratio Wc_(3'225)/WC(3225) is a factor of
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100 or more less than the ratio Wc—(5305~‘)/wc(53‘05)' We therefore ex-
pect that upper limits on the electron density derived from the continu-
um intensity at’ the ultraviolet wavelength will be much nearer the cor-
rect value than upper limits derived from the visible continuum, Upper
limits E)n the electron density derived this way were used as a guide in
extending the curves-of electron density versus radius to the tube walls
in Figs.32d and e, , . ‘

.~ Using the interpolated values of 'Ne- and T from Figs, 3le and
-32e, and the measured line intensity, ;we can calculate the ratio of the
intensity at the center of the line (assuming only Stark broadening) and
compare this with the intensity radiated by a black body-at the plasma
temperature. We find that after about 80 psec the intensity at the peak
of the Hﬁ‘ line becomes larger than the black-body .intensity, w_hich
means that the line will be strongly reabsorbed. The effect will be to
make T({/uv) >T(L/v)>T.

‘We conclude, then, that in the cases in Figs. 31d and 3le where
T(2 /v), T(L/uv), and T(v/uv) strongly disagree, the discrepancies are
caused by_ both an additional continuum due to the H~ ion and reabsorp-

‘tion of the H, line. - Electron-density measurements at these times are

P .
also suspect, because of the H continuum. Probably the best esti-
.mates of T and '-Ne under these conditions result from interpolation in
radius; if we assume that both T and Ne go to zero at the wall of the

. tube. o ; o

E. Decay Rates and Departures of the State
.of the Plasma from LTE

Finally, the plaéma cooling ‘and decay at a given radial position
was studied especially carefully. For this the electron denvsity and
temperature were determined as accurately as possible on a single shot
from end-on measurements at a radius of '33.5 mm. This radius was
‘chosen because the three temperature ‘measurements, T(£/v), T(L /uv),
and T(v/uv) showed excellent internal agreement (the extreme values .
“from 30 to 200 psec seldom differed by niore.'than-15% , indicating that
errors due to the presence of an H~ continuum or to reabsorption of

H. were small,

p
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‘A careful estimate was made of the possible experimental errors
and their influence on the temperature measurements. This estimate
indicated for T(£/v), T(f/uv), -and T(v/uv) fractional standard deviations

“due to random experimental errors of 0.07, 0.11, and 0.21, respec-
tively, for times betweer 50 and 200 psec. The largest errors were

due to an estimated 3% uncertainty in the accuracy of the voltage divid-
ers in the input section of the preamplifiers; the next largest errors
“were due’to uncertainties in measuring the transmission of the various
filters used and-in calculatiﬁg'th-e brightness of the carbon arc used as

-a radiation standard.  Thé estimated fractional standard deviation in the -
weighted mean of the three values of T due to random experimental er-
rors is about 0.06, Systematic error due to uncertainties in the pro- |
perties of the carbon arc are also-possible.. Fortunately these have

© very littlie effect on the firal temperature measurements (see- Appendix
C). B
' -E%/e‘ry 20 psec three values of the electron density were calcu-
lated from the three absolute-intensity measurements and the weighted
mea.,n‘of T at that time. We ¢all these three valueste(v), Ne(uv),‘ and
Ne(ﬂ ), using the same nomenclature as in the case of the temperature

" measurements. The éstimated experimental errors varied with time;
at 100 'Hs.ec, the estimated fractional standard deviations in Ne(v),

' Né(uv),. and Ne(JZ) were 0.05, 0.07, and 0.11, respectively, "A weighted
average of these three values was then taken at each time, with the es-
timated fractional standard deviation in the mean due to experimental
errors being about 0.05, - -

The weighted mean values of T and Ne on a typical shot are
shown in Figs. 33 and 34, with their estimated errors. The decay
coefficient y [see Eq. (12)] has been determined for the same shot by
graphical means from Fig. 34 and is shown in Fig, 35 as é. function of
. time, Only times‘la"te‘r than about 80 psec, when the estima.teci longi-
tudinal variation from the mean values of the electron density and tem-
perature is 10% or less% were considered,

Also shown in Fig, 35 are theoretical value s of v, ca.lcﬁlated
15, 16

from the work of Bates et al. using the observed values of the



-79-

3.0

23

2.0

0 50 100 150 200 250

t (psec)
MU-31300

Fig.. 33, Weighted nﬁ.ean value of T on a typical shot as a function
of time at a radius of 33.5 mm, Estimated errors (standard
deviations) are shown..



-80-

A ] .l T [
5 F -
— 4_ ]
0
|
£
o N
o T |
|O
X 2_. -
o
pd
| 4
0 ) 1

0 50 100 150 200

R t.‘ (W’;sec)

MU-31301

‘Fig. *34.. Weighted mean valué of the electron (ion) density on the
: ~same shot as‘in Fig. 33 as a function of timie-at-a radius of 33,5
‘mm, Estimated errors (standard deviations) are shown.,



-81-

T T
20 -1
Curve A
15+ -
T .
o
®
[7, 2
m
£
)
I el o -
N
o ‘ _
X ' Observed
S _
/<—Curve
i' 0 . 1 J 1 ] 1

O 50 100 150 200. -250 300

t (psec)

MU-31302

Fig. 35. Observed decay coefficient y as a function of time, for
the same shot shown in Figs, 33 and 34. Theoretical values of
y are also shown, where the plasma is assumed to be -optically
thin (Curve A) and opaque to lines of the Lyman series (Curve B).



-82-

electron density and temperature and assuming that the total particle,
density rernains constant in time. Two cases are shown: in the first,
the plasma 1s assumed to be optlcally thin (curve A); in the second, the
plasma is assumed to be opaque to ‘the lines of the Lyman series (curve
B).: o
‘ The plasma is certainly not completely opaque to the entire
Lyman series, as was. assumed in the case of curve B, because (1) the
lines are broadened, by either Stark or Doppler broadening, and the
light in the wings of the lines must escape the plasma with little reab-
sofption, and (2) the higher members of the Lyman series are broadened
so much by the Stark effect that they may noti be reabsorbed, even in the
center of the line, However, we see from-Appendix-A that L(1 will
certainly be strongly reabsorbed in the center of the line. For p=1
the dominant term in the sum F; N A(q, p) on the right of the rate
equation, Eq. (11), will be N A(Z l) namely, ‘the rate of population of
the ground state by radiative trans?tlons produc1ng the L line, We ex-~
pect then that even if L is the only line in the Lyman series that is
reabsorbed, the assumptlon that all the Lyman lines are reabsorbed
will yield a reasonable estimate of the recombination coefficient,
Measurements of y in the recombining plasma investigated in this thesis
should therefore fall between the two theoretical curves in Fig. 35, but ;
should be c.orisiderabl? eleser to curve B. This is seen to be the case.
A plasma-loss mechanism in addition to volume recombination could al-
so explain the relation betweeri the observed y and the two theoretical
values; this possibility will be discussed in a iater section.

It is very instructive to plot the electron density versus tempera-
ture (which we shall call a '"'decay curve'') for this shot. This is shown
in Fig. 36. Also shown is a theoretical curve calculated from Saha's
equation (labeled "LTE'"), assuming the plasma is always in LTE, and
fitted to the early portion of the decay curve, ‘when the ‘plasma appar-
ently is completely, io,n'irzed;. ‘The total particie dehsity for this fit is
4,6 X 101% ¢ ‘-3. Only ekperimenta'l' errors are shown; the points be-
fore 80 psec are more uncertain that indicated because of the longitu-

dinal nonuniformities.” Apparently the plasma is initially fully ionized,
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Decay curve for the shot shown in F1gs 33 to 35

was fitted to the early portion of the decay curve,

The
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but with an ion density less than the initial hydrogen-atom density, cools
for the first 120 psec essentially in LTE, and then departs from the
equilibrium curve.

We éan analyze fhe decay of the plasma in terms of Eqgs. (15)
and (16), the rate equations governing the population of levels 1 and 2
for a plasma opaque to the Lyman lines, We first assume f\IZ =0 in
Eq. (16) (a good assumption) and solve that equation for NZ’ which now
becomes a quasi-steady-state value, We assume that the plasma is
initié.lly completely ionized (judging from Fig., 36, a very reasonable
assumption) and that the total proton density in the plasma remains con--
stanf in time at 4.6 X 1015 crn-3 for this shot, allowin_g us to calculate
N1 by simpiy subtracting »t'he measured electron density from this num-
ber, We can then calculate NZ from Eq. (16). Using this value for
NZ’ the observed value of the ion (electron) density, and the values of
2y, Pypy and Ry P , , ,
density and temperature,”” we examine the magnitude of the terms on

from Bates et al, appropriate to the observed electron

the right side of Eq. (15). These i‘_ates are given in Table II, including
also the rate of populating-and depopulating the ground state by radia-
tive ‘transitions from the n=2 level,

_ We see from Table II that, before about 120 psec, the second
and third terms — - e's's'_ehti‘ailly’ the rates of collision-induced transitions
from the level ﬁ: 2 and the corresponding inverse process — -~ almost
cancel. ~ The first ‘terl;m, ﬁ cbrrésponding to the ﬁet rate of populating the .
ground state due to all other processes, is always small compared with
the second. The last term, the rate of populating and depopulating the
| ground state by emission and ébsorption of La quanta, has no effect on
the net recombination rate, as the two rates are assumed to cancel ex-
_actly. Before 120 usec, then, the density: of atoms in the ground state
~ should be c.los'e: to the equijliﬁrium'\’/a‘-h‘le, ‘as the rates of populating and
depopulating the groundistate by collisional and radiative processes al-
most balance in pairs; detailed balance very nearly holds, The plasma
during this time is in'Region II of Fig. 3.

After 120 psec, the radiative population and depopulation rates
are still assumed to balance, but the temperature is too low for the

rate of collisional excitation from the ground state to balance the rate of
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Table II, Rates of populating and depopulating the ground state

"Populating and depopulating rates

T . (1019 cm=3 sec-l)

.-(usec) +.a1NiNe | + PZINZNe | v_~‘ RlNlNe ‘:t‘ A2rlN2
80 0.25 - 1.4 1.1 20
100 0.20 1 - 0.87 19
120 0.16 1.4 0.61 25
140. 0.13 0.98 0.29 20
160 0.10 . 0.90 0.10 22
180 0.071 0.98 0.018 30
200 0.048 0.68 0.010 25

col‘lisi'onal “deexcitation from the n=2 level. By 160 usec, the only im-
: portant process governing the decay (except for the balancing rad1at1ve
processes) is the rate of collision-induced transitions from n=2 to the
ground state. The plasma, now in Region I of Fig, 3, recombines at a
rate determined by the electron temperature and dens.ity, and independ-
ent of the density of atoms in the ground state. |
We also see from Table II that for the times of 1nterest the

rate of populatlng and depopulat1ng the ground state by emission and ab- .
sorption of L quanta is always at least a factor of 15 larger than the
rate of any other process affecting the population of the ground state.
O If the plasma is not completely opaque to the Lyman lines, the rate of -
populat1ng the ground state due to these transitions will sl1ghtly exceed
the rate of depopulatlon by the inverse processes. - As these rates are
s0 large compared w1th any other rates a slight imbalance will notice~
ably affect the observed ‘decay rate, If the population rate exceeds the
depopulat1on rate by only 5%, the observed .decay rate will be approxi-
mately doubled This is probably the reason that the observed vy's
shown in Fig. 35 are larger by a factor of two than the theoretical
.val'ues, for an opaque pl‘asma. '

~ We can also calculate the rate of the observed power loss from

the time rate of change of the electron density and temperature, and
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compare it with theoretical radiative loss rates computed by Bates and
;Kingston,l?); Again we find that the obs,erved~;power loss is between the
theoretical losses fof';;o_ptically thick {to Lyman lines) and optically thin
plasmas, If about 5% of the.» radiation in-the Lyman series could 'leak"
out of the pla;sma ‘without dlsturblng the 'dlstribution of excited states,
the. observed power loss would be in good agreement with the theoretl-
cal loss for a plasma opaque to Lyman lines.

The factor determining the point at which the plasma departs from
the equilibrium curve in Fig. 36 is, of course, the temperature at
which detailed balance in the collision rates affecting the population of
atoms in the ground state fails., In the history of the plasma shown in
Fig, 36, this temperature is about 1.2 X lO4 °K. Because the rates of
collisional processeés are such strong finctions of tempeérature, we ex-
pect that decay curves for other radii will show similar behav1or
‘ Flgure 37 shows the average behav1or of the decay curves at the five
radii (each curve is an average of 6 shots in both den51ty and tempera-
ture, from Flgs 31 and 32) The dotted 11ne 1s the same equ111br1um
curve as that shown 1n F1g 36 All experlmental curves begln at 30
usec (the t1me the power 1nput 1nto the plasma drops to essentlally zero)
and end at 200 usec The dashed port1ons 1nd1cate circumstances in
wh1ch the I—I contlnuum or reabsorptlon of H,, or both are 1mpor—
._tant All the decay curves show strongly nonequ111br1um behav1or for
temperatures below 1. 2 >< lO4 K. _ _ _ _ ’ v

No measurements at any radlus ever i-rldicatean i'o.n'density as

15 -3

hlgh as the 1n1t1a1 partlcle dens1ty, 3 8 >< 10 E although early in

t1me the plasma at 33 5 mm and 50 mm radlus is certalnly fully ionized,

w1th an ion dens1ty of 4,4 X 1015 _3

The plasma at 16 mm and 1.3
mm radius may also be 1n1t1ally fully 1on1zed with even lower ion den-
51t1es Itis apparent that some 30% of the hydrogen atoms 1n1t1ally in

) the tube have been ”lost” durlng the format1on of the plasma Unfor-—
tunately one cannot, for any radlus or tlme calculate with any accuracy
the dens1ty of neutral partlcles in the plasma from the observatlons de -
scribed in this thes1s Most probably the hydrogen atoms have been
d1splaced radlally durmg the formatlon of the plasma by the hydromag-

netic 1on1z1ng wave, and the Most part1cles have accumulated in the
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Fig. 37. Average decay curves (eéch curve is an average of six
shots in both density and temperature) for five radii. The dotted
: line is the same equilibrium curve shown in Fig. 36,
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region between 50 mm and the wall (73 mm). The plasma in this region
.1s apparently never fully ionized, so that one cannot even estimate the
neutral-atom density by subtracting the observed ion density from the
complete ionization value measured initially, |

Another possible interpretation of the departure of the decay
curves shown in Figs. 36 and 37 from the equilibrium curves is that at
the time the ''break'' occurs the total i)article density in.the plasma be-~
gins.to increase with time, the state of the I;l'asma being always clese
to eéluilibrium -Such an influx of partlcles could be caused by the re-
lease of absorbed hydrogen from the walls by the passage of the hydro-
magnetic ionizing wave, We may immediately rule out this possibility..
We observe that if the plasma were in thermal equilibrium at 100 psec
at 64 5 mm radlus when. the temperature is. about 5000 °K and the-ion

den51ty is about 4 X 1014 v f3', the H~ contlnuum (from Fig, 19) would

be lO5 to 106 times brighter than the H contlnuurn However, the ob-
served H~ continuum.probably does not exceed the H continuum by

more than a factor of 10,

F. _Mode of Plasma Decay

We have not yet e.onclu‘sbively derrlonstrated that the plasma disap-
pears by volume recombination, The plasma may be removed by diffu-
sion to'the ends or to the walls of the tube. Radial diffusion.losses to
the walls of the tube were investigated both by space- and time -
resolved measurements of temperature and ion density discussed in the
last sections, and by direct observations of the plasma during the decay
period by a fast fram1ng camera,

_ _ The small scanmng monochromator shown in Flg. 22 was replaced
by a fast Kerr-cell framing camera (Electro Optlcal Instruments, Inc,,
Model No. »KFC—600/B), and a sequence of pictures of the decaying
plasma was taken, - A typical sequence of pictures, taken at 20, 34, 60,
80, 116, and 164 psec with an exposure time of 1 pusec, is shown in
. Figs, 38, 39, and 40, Radial profiles of the average values of T and
N_ at the same times (derived from Figs. 31 and 32) are shown under

the framing camera pictures to the same scale, These pictures were
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temperature and density at 60 and 80 p sec.
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92~

taken in visible light; pictures using light only from the I—IB line were
very similar, The bright spots are the holes in the screen. There is
very good agreement between the position of the plasma as determined
by the framing camera pictures and the position as determined from the
electron density and temperature measurements. Notice that the 'hole"
in the center of the plasma never does fill in, The magnetic field pre-
vents the plasma from adjacent regions of higher density from diffusing
into the center. Figure 41 shows a sequence of 12 pictures taken with

a rotating-mirror framing camera, with no screen in the end of the
tube. Pronounced '"'swirls, '" described in a previous publication,59
develop in the plasma after crowbar. (Swirls do not develop if a con-
ducting screen is used, as was always the case in the work discussed

in this thesis — — see Figs. 38 through 40.) We see also from Fig, 41
that there is negligible diffusion of the plasma across the magnetic field.
The structure visible in the plasma at 53 psec is still distinctly visible
at 220 psec, with no apparent radial motion,

We can easily show theoretically that the plasma cannot decay by
classical diffusion across the magnetic field. We assume the plasma to
be sufficiently highly ionized that the electrons collide much more fre-
quently with positive ions than with neutral atoms. In that case we can
compute drift velocity of the plasma across a strong magnetic field

from the formula given by Spitzer70

V=~le, (54)

where n is the electrical resistivity in emu, B is the magnetic field

strength in gauss, and p is the plasma pressure in dynes cm_z, For m
71

we use the resistivity in ohm-cm transverse to a strong magnetic field

Z InA

4
n=1.29%10" )
T3/2

(55)

We take In A = 6 in the expression for n, approximately correct for
this plasma, and calculate vp from the observed values of T and Ne

from Figs. 38 to 40. We find that the plasma should take at least 5 to
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Fig. 41. A sequence of 12 framing-camera pictures showing the
development of '"swirls'" when no conducting screen is used in
the end of the tube.
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10 msec to drift a distance comparable to the radius of the tube. This
diffusion model is unduly pessimistic, as we have completely neglected
the presence of neutrals, which must slow down the diffusion by reduc-
ing the pressure gradient. As the observed decay times are shorter
than these estimated radial -diffusion times by a factor of 50 to 100, we
conclude that the plasma is probably not lost by drift to the walls,

We also have direct evidence that the ions do not diffuse through
the neutrals along magnetic field lines and recombine at the ends of the
tube, First, the axial electron- (ion-) density profiles shown in
Figs, 24 and 25 do not approach a cosine distribution late in time, as
might be expected if the losses were by diffusion in the lowest mode.
Instead, they remain fairly flat after 80 usec, Second, consider the
case late in time, when the plasma is no longer highly ionized, On this
model, the ion loss rate is controlled by the diffusion of ions through

neutrals, This process is governed by

BNi
—— = - vD _VN., (56)
dt a 1
which we approximate by
ON. >
= =« I YN . (57)
dt a 1

The characteristic decay time for the lowest mode diffusion is

2
T 2 g——,, (58)
Dy

where Da is the ambipolar diffusion coefficient (twice the ion-diffusion
coatficient Di if the ion and electron temperatures are equal), and £ is
a characteristic length of the plasma. Evaluating Di from simple gas
kinetic theory for T =10,000 °K, Nl =3 X 1015 cm-3, and using a value
of 6 X 1o~ cm™? for the charge -exchange cross sec’tion,—']'2 with

£ =40 cm (about half the tube length), we obtain a characteristic decay

time of the order of 25 msec. Again this is much longer than the
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observed decay time. It is actually a pessimistic estimaté; as the ob-
‘served gradients are not nearly as severe as that implied by Eq. (58).

Itiis al’sQ conceivable that the entire pla.snda, ions and neutrals
togethei‘,_ flows to the ends of the tube in a one-dimensional free expan--
sion and reéombines there. The resulting neutral particles would then
be required to stick to the quartz endplates or to the copper screen,
which seems unlikely, Oblique Kerr=-cell pictures of the plasma in a
different, but basically similar, device56 show that the light originates
from the volume of the plasma and not from the ends, as might be ex-
pected if the plasma were recombining at the ends of the tube, If this
mechanism were responsible for the loss of plasma, 'we would expect to
- see a rarefaction wave propagating into the plasma from both ends of
~ the tube with a velocity approximately equal to the sound velocity, The
 sound velocify in a highly ionized hydrogen plasma, with a temperature
of 10,000 °K and y=5/3, is about 1.7 X 106 cm secv—l,-and. the rarefac-
tion wave, if it ekisted, should reach the center of the tube in about
25 psec. Figures 25 and 26, which show the longitudinal variation of. -
the electron density at different times, show no indication of such a
rarefaction wave, ‘

Since there is no evidence of loss of the plasma by any process
involving motion. of the plasma either to the walls or to the ends of the
tube, and since both the observed decay rate and departures of the state
of the plasma from LTE are in good agreement with theory, assuming
the plasma to decay by volume recombination, we conclude that volume
recombination is the dominant process governing the disappearance of

ions from the plasma.

G. Summary of Experimental Results

Simultaneous determinations of the ion (electron) density by
measuring the Stark brboadening of the H, line (using the theoretical
calculations of Griem et al.) and the absolute intensity of the continuum
radiation from the plasma at 5320 A yielded values that agreed within
the experimental errors, estimated to be about 20%. Measurements

of the relative intensity of the H‘3 line and of a band of continuum
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~radiation at 5305 A provided estimates of the longitudinal nonuniformi-
- ties of the electron densities and temperatures: -after 80 usec,. the elec-
- tron density and temperature seem to be independent of axial position
to about +10%. Radial profiles of the.electron density and temperature
were calculated from end-on observations at five radii for a number of
.~ times. These radial profiles agree very well qualitatively with the dis-
tribution of light from the decaying plasma, as determined by.a sequence
- of pictures taken with a fast framing camera. The plasma decays by
volume recombination; losses by diffusion appear to be negligible.
Measurements at-one radius of the electron density and temperature as
functions of time, and accurate to about 5%, yield decay rates that
agree very well (within a factor of two) with theoretical decay rates
. calculated by Bates et al, ,1{) if we assume the plasma to be opaque to
the Lymanlines, The discrepancy would be explained. if the plasma. is
- almost, but not completely, opaque to the Liyman.lines, asis probably
the case. The plasma in most of the volume. is initially fully ienized.
It cools-essentially in LTE (local thermodynamic equilibrium):until the
. temperature droeps below about 1.2 X 104 °K. After this time the tem-
perature is too low for detailed balancing of the collisional‘processés
,.gbverning‘the-_population,of the ground state to hold,. and the plasma de-
.- parts from the LTE cooling curve, More accurate measurements of the
rate of decay of the plasma and the departure of the state of the plasma
. from LTE would require a knowledge of the density of neutral atoms in

. the ground state,
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~ APPENDICES

"A, Conditions Under Which a Hydrogen Plasma is Opaque to La

Holsteiri73 treats the problem of imprisonment of resonance radia-
tion in gases. The half-width of a Doppler-broadened spectral line at

half-maximum intensity is

' 1/2
_ -7(T
ANp = 3.6 X 10 <K> N (A1)

where A)\D is the half-width in A, \ is the wavelength of the line in A,
T is the temperature in °K, and A is the mass of the particle (hydrogen

equals 1), Substituting numbers for La’ A)\D in A becomes
S ¥
A)\D =4,3X10 " T, (A2)

The only other significant broadening mechanism in dense hydro-
-gen plasmas is Stark broadening. Using results of Stark-broadening
calculations of Griem et al., 52 and assuming only Stark broadening, one

can show that the half-width of La in A at half—m.aximum‘intensity is
an, 2151070 Ni2/3, (A3)

Doppler broadening will then predominate provided

AN, 9 VT

= 2.9 X 10

Al | N12/3

>1, | (A4)

which will be the case’in high-temperature, low -density plasmas, The
conditions under which Doppler broadening predominates over Stark
broadening for Ld. are shown in.Fig. 42,

. From the work of Holstein73 we can show that for Doppler

broadening, L(1 is trapped if the optical depth 7, given (for La) by

12

T=5.9%10" (A5)

N
Ny
T
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Fig. (‘42...4 Electron-de'nsi"cy" vs temperature diagram,‘ ‘shdjwihg condi-
tions under which Doppler broadening predominates over Stark
broadening for L

o- Also shown are conditions under which
hydrogen plasmas of laboratory dimensions are opaque to L,
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is greater than one. Here { is a characteristic dimension of the
plasma, in ¢cm. Lines of 7=1 for various values of L are also shown
in Fig. 42. , .
We see that in most highly ionized hydrogen plasmas (T >'104 °K}),
the La line is predominantly Doppler-b’roadened. Most highly ionized
but recombining hydrogen plasmas of laboratory dimensions are then

opaque to La’ because N, is the order of Ni in a recombining plasma.

1

B.  Approximate Solutions of the Rate Equation

For approximately calculatihg the recombination rate in a dense,
highly io_ﬁized plasma, several authorshave proposed schemes that avoidthe
necessity of simultaneously solving a set of coupled rate equations.,g’ls’19

These approximate solutions hinge on the fact that one"can sometimes
calculate either the rate at which electrons which will eventually reach
the ground state flow into the reservoir of bound electtons by three-
body recombinations, or the rate at which electrons '"leak' through the
‘lowest level in the reservoir [the level having principal quantum num-
ber s, defined in the discussion following Eq. (11)] by either radiative
or collisionally induced transitions to lower levels, and eventually to
the ground state, |

" Taking into account three-body recombination, D'Angelo esti-
mated the recombination rate by first estimating the probability that an
electron in any given quantum level eventually reaches the ground state
(recombiAnes) by a random-walk process, considering only radiative
transitions and electron-collisional ioniza.tion,,9 This probability is then
multiplied by the estimated rate of capture of electrons by three-body

recombination into the state, Summing over all states then should give
the recombination rate, D'Angelo's values for recombination coeffi-
cients, which should apply to plasmas with. 103 < T< 104 °K and

le]‘Z < Ni < lO13 cm_3,’ are as expected much la.fger than the coeffi-
cients fér radiative recombination alone, but are still lower by as much
as a factor of 10 than the values calculated by Bates et aLl‘,15 This dis-

crepancy is caused by the neglect of inelastic and superelastic colli-

sions in calculating the rates of populating the excited states.
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This was pointed out by Hinnov and Hirshberg, who proposed two
models for calculating recombination rates,,]‘9 Their first model is
based on finding a quantum level having principal quantum number r
such that the probability per unit time that an electron in this level will
be excited to a higher level or to the continuum by electron collisions
exactly equals the probability per unit time that the electron will make a
transition.to lower levels by radiative decay or by superelastic colli-
sion. Since these probabilities are all strong functions of the principal
quantum number n, essentially all electrons recombining from the con-
tlnuum into levels with n>r w1ll eventually reach the continuum again,
,and essentla.lly all electrons recomblnlng into lower: levels with n< r
will eventually reach the ground state. Assumlng no re-excitation or
.reionbization of electrons in the ground_’ state, we then need only calcu-
late the rate of recombination by three-body and radiati.ve processes
into the _rith level and sum over 511 levels With n<r to get tne total
recombination rate. It is relatlvely easy to determine r 1f the electron
den51ty is hlgh enough that the transition probabllltles needed to deter-
mine r are due primarily to balancing collisional processes. In that
~case, . T may be estim_ated simply By the rate of the,dofninant process
— —collisionally induced transitions between adjacent quantum levels.
By equating rates one can show that the probabilities per unit time of
upward and downward transitions are equal at the level where the equili-
brium population of excited states has a minimum in n, This implies
that the ionization potential from that level Xy approximates kT:, SO

that we have

1/2
1)

kT)

~

r (B1)
where X1 is the 1onlzat10n potentlal from the ground state

Hinnov and Hirshberg estlmate the three- body recomblnatlon rate
into the nth level from the classical Thomson cross section for ioniza-

tion, and derlve an approx1mate expressmn for a in closed form:

1.1%10" T9/2+3,O><10_'10T_3/4, - (B2)
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Ti’le first term is due to three-body recombinations; the second,  to
radiative recombination,

v Using densities of excited states calculated by Bates and
Kings‘coh,13 we can estimate (with s for this purpose being defined as
the principal quantum number of the lowest level deviating by 30% or
less from the equilib'rium value) that Hinnov and Hirshberg's approxi-
mate solution, Eq. (18), should be valid if the électron density satisfied

the inequality
N_< 2.5 x 107217 o ~ (B3)

We also requirle that there be no re—ekcitation or reionization of elec-
trons in the ground state by electron collisions, which requires

T< 16,000 °K, If all these restrictions are met, Eq. (18). gives values
of a that agree within a factor of two with the values obtained from
numerical calculations of Bates et al. In this approximate solution,
‘Hinnov and Hirshberg have estimated the rate at which electrons will
‘V’eventually- recombine ("leak') into the reservoir of bound electrons from
the continuum., The method is perfectly general; difficulties lie in es-
timating r,

Byron et al°18 propose a generalization of Hinnov and Hirshberg's
second model, a'fairly simple method of calculating the rate at which
electrons leak out of the reservoir on their way to the ground state,

The electrons already in the reservoir can only proceed downward
(toward lower quantum numbers) by two processes, radiative transitions
and collisional deexcitation, The rate at which electrons can leave a
given level by these two processes depends on the transition probability,
the density of atoms in that excited state, and the electron density and
temperature, Byron et al. point out that if the plasma properties are
kept conétant, the rate of depopulation of the nth level by these two proc-
ess as a function of n has a minimum, and this minimum rate deter- '
mines the rate at which the plasma recombines, The minimum depopu-
lation rate occurs approximately at the level s, The depopulation rate

has a minimum because either radiative decay becomes comparable to
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collisional depopulation (the rate of the former decreases with increas-
ing principal quantum number; the rate of the latter increase) or because
the rate of collisional depopulation itself has a minimum in n,  Using
collisional deexcitation cross sections calculated by C‘rryzir’lski,‘38 they
then calculate the recombination rate by summing the rates of radiative
recombination, radiative transitions from the _s_t,h and higher levels,

and collisionally induced transitions from the sth to the (s -1)th levels,
The pbpulat_ion of the sth level is depressed somewhat below the equili-
brium value by the extra loss mechanisms ~ - this has to be taken into
account, They present a sample calculation of the recombination coef-
ficient for a hydrogen plasma with T =16,000°K and get excellent agree-
ment with the numerical results of Bates and Kin‘,c:{stovn.,12 Strictly
speaking, the theory must be applied only to plasmas optically thin and
cool enough (T < 16,000 °K) so that collisional excitation from the ground
state may be neglected. , - ‘ .

Byron et al. also point.out that in many cases the recombination
rate may also be.calculated from the electron-energy-balance equation.
The electrons gain energy during the recombination process by super-.
elastic collisions with excited atoms, and lose energy to the ions by
elastic collisions, Equating the difference in these two rates to the
time rafe_of change of the energy per unit volume of the free electrons
- then gives the equation for the electron energy balance, Use of this
method requires an estimate of the average ené,rgy transferred to the
second electron by the three-body recombination process, and usually

also knowledge of the time rate of change of the electron temperature,

C. The Carbon Arc as a Radiation Standard

Numerous authors have proposed the use of a carbon arc as a

64-67, 74-77 The pi‘ocedure in using such an arc is

radiation standard,
as foll'ow‘vs: A ‘dc arc is struck between an anode of spectroscopically
pure, fine-grained carbon'(iampblack) or graphite, about 6 mm’in diam-
eter, and a smaller diameter carbon or graphite cathode (the cathode
- material has very little influence on the operation of the arc). After

burning a few minutes, the shape of the ends of the electrodes stabilizes.
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As the arc current is then slowly increased, the luminance of the sur-
face of the anode increases until it reaches a maximum value, Further
increase in current results in either no change in the luminance of the
anode spot, or a slight decrease (depending on operating conditions and
ahode material)., Eventually a current is reached at which the arc be-
© gins to burn unstably; the arc "hisses'' audibly, and the luminance de-
creases noticeably. v |

It is general‘fy agreed that a pyrometric arc (one used as a radia-
- tion standard) can be operated very reproducibly, There is some disa-
greement, however, as to the value of the emissivity of carbon and the
true temperature of the anode spot. In an exceedingly thorough series
- of studies. of the,-pyrornef:ric é.rc, Euler conclude’_s that the emissivity
‘varies sl'ig'htly with wavelength, ranging from 0,74 to 0.78 in the visi-

‘ ble°64f67

. urements by himself and other investigatdrs is 3996+ 15°K (all tem-

‘He also concludes that the true temperature based on meas-

peratures quoted are in the 1948 International Temperature' Scale), Null
and Lozi.er7v4,1rnaintain that Euler incorrectly determined both the emis-
sivity and the true temperature. They claim that the emissivity is
really 0,98 to 0.99, and that the.true temperature is very close to
3800°K, It is generally difficult to compare these two conflicting sets
of results with those of previous investigators, who did not use the
same fine-grained electrodes and may not have run the arc in-the same
manner, '

These disagreements should have no effect in themselves on the
use of a pyrometric arc as a radiation standard, as only a knowledge of
the spectral distribution of radiance is required, However, the two
measurements of the spectral distribution of radiance also disagree. .
Agreement is perfect at aboutr 6500 Z.X; at shorter wavelengths; ‘Euler's
values of radiance are higher than Nuil and Lozier's values, the dis-
crepancy reaching about 30% af a wavelength of 3225 A, Tt was decided
to use the spectral distribution of radiance as measured by Euler in re-
ducing the data presented in this thesis, as he used more measuring
instruments and comparison sources than did Null and Lozier, and

made more checks for internal consistency,
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If the results of Null and Lozier had been used rather than those
of Euler in this thesis, agreement between the three different determi- |
nations of temperature would no longer be as godd as is shown in Fig. 31,
For instance, at 33.5-mm radius.r?md 100 psec, the discrepancies in the
three measurements of T would be of the order of 20%, considerably
larger than the estimated ré,ndorn experimenté.l errors of 5% . The
most precise value, T(4 /v), is scarcely affected, however,j . Therefore
the weighted mean is changed by only 1 to 2%. " The values of Ne(v),
Ne(l), and Ne(uv) would be reduced by about 1.5, 2, and 15%, respec- -
tively, and the weighted mean by about 5%. These small changes
would have a negligible result on the final conclusions,

vThe pyrometric arc used in this thesis was operated, with few
exceptions, as nearly as possible"‘as recommend.e.d by Euler. The
“anodes were 6.35-mm-diam Ringsdorff-Werke RWII carbon electrodes.
The cathodes were 1/8-in, -diam United Carbon Products Co. grade U-1
(medium) ""Ultra Purity' graphite electrodes, The included angle be-
tween the electrodes was 120 deg. A well -filtered,' fqll -wavé‘, silicon-
diode rectifier provided a source of dc current. Considerable trouble
was caused by a persistent tendency of the cathode spot to wander, in=
ducing a similar wandering in the -anode spot and fluctuations at about
1 cps in the luminance, even in the center of the anode spot (the only
region observed). This was largely eliminated by painting the cathode
with a dilute solution of sodium bicarbonate before running. Why the
presence of sodium in the arc should stabilize the cathode spot is not
known ( Euler used copper-covered cathodes, which had the same
effect)., The addition of sodium seemed to have no effect on the lumi-
nance of the arc, but did introduce the prominent absorption lines of
sodium,

- An oscilloscope proved very useful in monitoring the performance
of the arc. The oscilloscope was used at a gain of 0.5 V/cm and a
sweep speed of 5 msec/cm to observe the ac component of the voltage
across the arc, As the arc current is increased, | the point of maximum
luminance ( the proper operating condition) is marked by the onset of a
ripple, at a frequency of about 200 cps, in both the voltage across the

arc and the luminance, As the current is further increased, the
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frequency and amplitude of the ripple involtage and luminance both in-

crease, and there is a net decrease in the luminance, aé:was observed by
Null and. Lozier,_74 Finkeklnburg,75,and G(’iing_,76 but not_Eu,llerv.éj An arc

operating under these conditions emits a soft whistle, which may be

heard distinctly. At slightly higher currents — —~10 to 11 A - —.the ripple

degenerates into random noise, both.in voltage and luminance, and the

arc begins to hiss. Any wandering of the anode spot is.evidenced as a

low frequency (~1 cps) ripple on the oscilloscope trace,

An arc operated in this fashion is extremely reproducible, The

.radiance at any wavelength over a short period of time (e.g., 15 min)

shows a fractional rms deviation of about 0,01; over periods of several

weeks the fractional rms deviation at any wavelength is less than 0.03,
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