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On the basis of the collisional-radiative models for neutral hydrogen, and neutral and ionized
helium, the relationship between the ionization flux or the recombination flux and the photon
emission rate of a representative visible line of each species is investigated. It is found that both
fluxes are proportional to the photon emission rate and that the proportionality factor depends rather
weakly on the plasma parameters in the ranges of practical interest. This implies that the observed
emission line intensity can be a good measure of the ionization flux or the recombination flux. The
relation between the total radiation power rate and the ionization or recombination flux is also
considered. For a hydrogen plasma in ionization balance the Bainliee intensity takes the
maximum value near the optimum temperature of 1.3 eV, while for plasmas out of ionization
balance it takes the minimum near that temperature. This latter characteristic corresponds to the
recently observed “inverse edge-localized mode” in divertor plasmas. For neutral hydrogen and
ionized helium, it is found that in the recombining plasma of low electron temperafyreand
density,n,, the radiation energy close to the ionization potential of the ground state is emitted
during one recombination event. In the ionizing plasma of HAigland lown,, a similar amount of
energy is emitted during one ionization event. Emission line intensities of hydrogen and helium
were measured in the Large Helical Device, and the time variatiom, @it the initial and final
phases of a discharge was estimated. The results agreed well with the interferometer measurement,
and this indicated that the variation af was dominated by their ionization or recombination
processes rather than by diffusion. The total radiation energy of hydrogen and helium in the
recombining phase was found to be less than 1% of the stored energy of the plas@®2©
American Institute of Physics[DOI: 10.1063/1.1507588

I. INTRODUCTION These atoms and ions are dominant constituents of fusion
plasmas and play important roles in the plasma edge region.
In fusion studies the importance of understanding the  section II describes the idea of the collisional-radiative
atomic processes and radiation properties of neutral atoMER) model for neutral hydrogen taken as an example. In
and low-ionization stage ions in the plasma edge region igec ||| the relationship between the Balmeline intensity
increasing. For the detached plasma in the divertor region yhe jonization or recombination flux is discussed. A simi-
that is suitable for a steady state operation, the basic meCh?a'r relationship but with the total radiation power is consid-

nisms that t2r|gger. the detaqhment are being IntenSIVehéred in Sec. IV. Section V presents similar quantities to the
investigated:? Besides the divertor plasmas, the neutral . . L .
preceding two sections but for neutral and ionized helium.

atom density in the plasma edge region is considered as . ) . )
y b g 9 ﬁnally, in Sec. VI the calculation results are examined in the

key parameter for the transition to the improved confinemen . . . . :
mode3~S In this context it is necessary to elucidate the par_anaIyS|s of the experimental data in the Large Helical Device

ticle and energy balances in the boundary region where thQ‘HD)' . i
atomic processes play important roles. In this paper we omit the effect of molecular hydrogen.

Under such circumstances we consider the relation be-owever, it is known that when the molecule is abundant,
tween the emission line intensity and the effective ionizatiof"€ emission line intensities of atomic hydrogen are heavily
or recombination rate. Their ratio is useful for the evaluationinfluenced by the excited atoms that are produced in the
of particle balances in plasma from the observed emissiolissociation processes of moleculéEherefore, in the analy-
line intensities® We present here the calculation results forsis of actual divertor plasmas that are characterized by the
neutral hydrogen and neutral and ionized helium in the widdow temperature and high density parameter regimes, our
plasma parameter ranges for various plasma conditiongurther understanding of molecular processes and the quan-
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FIG. 1. An illustration of the population structure of excited levels. Each e E N o i e E
level populationn(p) consists of two components, one of which is propor- g N N/ R — ]
tional to the ground state density1) and the other is to the ion density. 8 10" 3 E
The ionization and recombination fluxes are also proportional(io and S R * E
. i 1 F 4
n; , respectively. O 10 18 L .
L . 10'19 :— —:
titative evaluation of the amount of molecules would be nec-
essary. 20: ]
In the following calculations, we use the CR-model 10 F 3
codes developed by the authors of the present paper for neu- - i . ]
. . . . i1 .
tral hydrogefi and heliun™° For ionized helium thecoL- 107 it il sl
10 10 10 10 10
RAD ccc)jde developed by Rutherford Appleton Laboratbfy “lectron temperature (eV)
IS used.

FIG. 2. T, dependences db-g and acg for severaln, values for neutral
hydrogen.

Il. COLLISIONAL-RADIATIVE MODEL

We take atomic hydrogen for the purpose of |IIustrat|on.The time derivatives ofi(1) andn; are expressed in terms of

Let p or g be the principal quantum number of.the' groundthe effective ionization and recombination rate coefficients
state or an excited level. In plasma the time derivative of th% S

population density of leveb, n(p), is expressed as
dn(1) _ dn,

dn i 1 .
(p) S cipane S A it it ScrNeN(1) + acrNen; - ©)
dt a7p a<p
Here,Scr and e are called the collisional-radiative ioniza-
tion and recombination rate coefficients, respectively. Figure
+ + C(q,
S(p)ne} n(p) qu {c(@pne 2 shows theT, dependences @8- and acg for severaln,
values.
+A(g,p)in(q) +Ha(p)net+ B(P)Neni, (1) For neutral helium the basic idea is the same and the

wheren, andn; are the electron density and the proton den-quasi-steady-state approximation is assumed also for the
sity, respectivelyA(p,q) is the spontaneous transition prob- metastable levels here, although, under certain conditions,
ability between levep andq, C(p,q) is the excitation or these levels should be treated independenflfhe coLrAD
de-excitation rate coefficient by electron impacts from levelcode for ionized helium has an option with which the fine
p to g, S(p) anda(p) are the ionization rate coefficient by structure levels up ta=4, wheren is the principal quantum
electron impacts and the three-body recombination rate coiumber, are treated separately, but here we do not utilize this
efficient for levelp, respectively, ang3(p) is the radiative option and consider onlg levels up ton=50.
recombination rate coefficient for levpl In the cOLRAD code the calculation of the collisional

In many cases the relaxation time of excited level popudransition rate coefficients is limited in thg, range higher
lations is short enough as compared with the time constantian 400@? K, whereZ is the nuclear charge. This limita-
for ionization and recombination, so that the time derivativetion is inconvenient for our aims, especially for calculations
in Eq. (1) can be approximated to zero. The validity condi- for the recombining plasmas. For the excitation cross section
tion of this approximation is discussed in Ref. 13. Now theof hydrogenlike ions, Fischeet al* have introduced two
coupled equations for all the excited levels are easily solvedsemiempirical formulas proposed by Van Regemédrtand
and population density(p) is expressed as a sum of two by Vainshtein, Sobelman, and Yukd¥SY),'**” and have
terms: a term proportional to; and another ta(1); determined the fitting parameters for them. Though the au-

thors of Ref. 14 note that their fitting is good f@r>5, the

N(p)=nNo(P) +Nu(P) =Ro(P)NeNi + Ru(PINeN(D). (D e coefficients calculated with the VSY formula B2
The coefficientRy(p) andR4(p) are functions of the elec- are found to agree well with the R-matrix calculation by
tron temperatureT,, andn,, and are called the population Aggarwal et al'®'° that are devoted to helium ions for the
coefficients. The first and second terms on the right-handevels up ton=4. Figure 3 shows the comparison of them.
side are called the recombining- and ionizing-plasma comWe hence adopted the VSY formula with the fitting param-
ponents, respectively. These relations are illustrated in Fig. keters of Ref. 14 for all the transitions. We have further im-
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FIG. 3. Comparison of the excitation rate coefficients of ionized helium
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proved the radiative recombination rate coefficients by

adopting the photoionization cross-section data by Storeyc. 4. n, dependences @) Scr/€1(3,2) and(b) acr/€y(3,2) for several
and Hummef° T, values for neutral hydrogen.

Ill. RELATIONS BETWEEN PHOTON EMISSION RATE
AND IONIZATION OR RECOMBINATION FLUX C(1,9A(3,2

€(3,)=—F— 5.

The first term on the right-hand side of E®), i.e., the (32 ABD+A32
number of ionization events per unit volume per second, iBoth Scg ande;(3,2) thus show nm, dependences and, as a
called the “ionization flux,” and the second term the “re- result, the proportionality factor between them is indepen-
combination flux.” The photon emission ratégp,q)nq(p) dent ofn,.
and A(p,q)n;(p) can be rewritten aseo(p,q)nen; and In the n, range higher than #m~3, Scy gradually
€1(p,q)nen(1), respectively. Hereeg(p,q) ande;(p,q) are  increases witm, due to the additional ionization processes
called the photon emission rate coefficients, and have thghrough excited levels, the so-called ladderlike excitation-
same dimension &g andacg. The ionization flux and the jonization process! Meanwhile, €;(3,2) steeply decreases
photon emission rate of the ionizing plasma component argiith increasingn, due to the change of the population
both proportional ton(1), and therecombination flux and mechanism concerning the leve=3; in the influx process
the photon emission rate of the recombining plasma compahe excitation from thep=2 level predominates over that
nent are proportional to;. See Fig. 1. from the ground state, and in the outflux process the colli-
sional excitation to the upper levels predominates over the
radiative decay® Thus, Scr/€;(3,2) shows a significan,

Figure 4a) shows then, dependences dBcr/€1(3,2)  dependence.
for severalT, values. In then, range lower than 1§ m=3 Figure 5 shows th&, dependences dB:rn.n(1) and
they are almost independent iof. In this range the ioniza- €1(3,2)nen(1) for n(1)=1m 2 under the condition of,
tion flux is dominated by the direct ionization from the =10 m~3, |t should be noted that, whil&cgnen(1) in-
ground state, i.e., creases by six orders whdn is changed from 1 to 10 eV, its

Scrnen(1)=S(1)nn(1). (4) ratio'to 61(3,?)neq(1) stays in less than one order, which is

. ] . consistent with Fig. @).

The population of the leved= 3 is well approximated by the

corona equilibrium as
C(1,3ngn(1)

(6

A. lonizing plasma

B. Recombining plasma

N 3)=—5—5, (5) Figure 4b) showsacr/€g(3,2). Itis readily noticed that
ARBDFABBD it depends little on eithen, or T, in the lown, range.acg
and hence:4(3,2) is written as can be explicitly written as
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FIG. 5. T, dependences oOfxcgneni, ScrNenN(1), €o(3,2)nn;, and line is the sum ofeo(3,2)n.n; and e,(3,2)n.n(1).

€1(3,2)non(1) undern(1)=n;=1m % andn,=10"® m~3. Thin solid line
indicates the summation @fy(3,2)n.n; ande;(3,2)nn(1).

€0(3,2)nen; for nj=1m 2 are also shown and their ratio is

found to be almost constant, though each of which changes
acr=a(1)ng+B(1)+ >, {A(p,1)+C(p,)NJRo(p). by about three orders, which is consistent with Fig)4
p

(7)
. S . lonizati | |
Figure 6 shows the, dependences of the contribution frac- C. lonization balance plasma
tions from the various processesdgg, or the final step to So far, the ionizing plasma and the recombining plasma

the ground state, foF,=0.3 eV. In then, range shown here have been treated independently. When the ionization flux is
the radiative transitions from the excited levels are the domibalanced with the recombination flux, the ionization balance

nant contributions rather than the direct radiative recombinaplasma is established. This situation is realized when the
tion to the ground statég), and this implies that the emis- plasma is stationary and homogeneous. In this case the ratio
sion line intensity is closely related to the recombinationof n; andn(1) is expressed as

flux. For otherT, values the situation is similar, and the n Se
small parameter dependences@k/ €y(3,2) are thus under- L _ R (8)
stood. In Fig. 5 theT. dependences ofxcgn.n; and n(1) acr

Figure 7 shows thd&, dependences af; andn(1) under the
constraint ofn(1)+n;=1m 2 for n,=10 m~3. The tem-
perature at whicm(1)=n; is establishedT,) is about 1.3

eV. Also in Fig. 7Scgnen(1) or acgnen;, which are identi-

cal from the definition, an@y(3,2)n.n; and €1(3,2)ngn(1)

are shown. The first fact to note is that, in this plasma, these
photon emission rates are of similar magnitude especially for
higher T.. Another is that these rates and their sum take

7
////// / ‘ maximum values at arountl,=T,, and this temperature is
3 /
2

100
7

L
<

hence called the “optimum temperature.” Thus, it may be
concluded that when an emission line intensity is strong, the
temperature of the plasma should be closel§o But we
must remember that this statement is correct so long as the
plasma is in ionization balance.

In the temperature range higher thép the decrease in
ScrneN(1) and e4(3,2)nn(1) with rising T, is due to the

ratio (%)

2

T TR T T R TR T e steeply decreasing(1). The coefficientsScg and €4(3,2)
100107 10 10 10 10 310 107 10 themselves continue to increase with in this temperature
electron density (m ") range(See Figs. 2 and)5A similar explanation applies to

the decrease akcgnn; and ey(3,2)nen; in the temperature
FIG. 6. n, dependences of the contribution fractions from the various pro-

cesses tawcr. Hatched and not-hatched areas indicate the radiative anéange lower thaﬁ—o'
collisional processes, respectivefy.means direct radiative recombination Here, we focus on the fact that the temperature where

to the ground state. ScrNeN(1) or acgnin; takes maximum T() is slightly
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higher thanT, as seen in Fig. 7. In this casE; is about 1.6 10—
eV, and at this temperature the ratip/n(1) is about 9, =T TTIIIIITT
much larger than 1 af,=T,. This can be understood as
follows. The state wher&.=T, can be defined as

d d
d_-l-e[SCRn(l)]:d_-l-e[aCRni]:o- 9

Under this condition the ratio of; andn(1) is expressed as
n; dScR/dT, dacgr/dT
i _ _( SR e)/ ( QaCR e) (10)
it

n(l)

Scr aCRr

_ [ d(log Scr) d(log acr)
“( d(logT,) ) / ( d(logT,) ) (1

From Fig. 2 the derivativesd(logS-g)/d(logT,) and

d(log acr)/d(logT,) are estimated to be about 9 andl,

respectively, aff,=1.6 eV forn,=10* m~3. As a result,

n;/n(1)~9 is obtained and this agrees with the result in Fig. 10

7. 10" 10° 10" 10° 10
electron temperature (eV)

- - 3 -1
radiation power rate coefficient (eVm's )

3

D. Plasmas out of ionization balance FIG. 8. T, dependences oP, and P, for severaln, values for neutral

L L . hydrogen.
For real plasmas, the great majority is out of ionization

balance by many orders of magnitude. An example is a tran-

sient plasma: i.e.T, changes much more rapidly than the

ionization/recombination of the plasma its#fAnother ex-  duction of heat flux on the divertor plates in mind, what
ample is the plasma in which particle transport plays an imshould be considered is the total radiation power including
portant role. For example, the transition from the attached te@ll the line emissions and the continuum radiation.
detached phase of the divertor plasma is understood as a The total radiation power density of neutral hydrogen,
steep decrease in the temperature where the ion flow froM/y, is expressed as

the plasma core and the atom flow from the divertor plate

remain aI'most unchanged.. In such cases, Fig. 5 represents y,,=> n(p)( > A(P,9) Xqp
the situation better than Fig. 7; In Fig. 5 we assungé) p q<p
=n;=1(m %) andT, varies. ForT,>T, our plasma is an

ionizing plasma and fof<T, our plasma is a recombining = [Ro(pP)Nen; + Rl(p)nen(l)]< > A(D,Q)qu)
plasma. For plasmas out of ionization balance, either the p a<p

ionizing plasma component or the recombining plasma com-
ponent is dominant. In this sense, this figure is quite univer-
sal in Fhat, l‘o_rTe>T0 or Te<T,, _onIy one of the compo- . =Pgnen; + Pinn(1), (14)

nents is dominant and the other is negligibly small. For this

particular condition oh(1)=n;, the emission line intensity wherquE is the transition energy between the levglsand

is minimum at aroundT.=T,. This is exactly consistent andWR andW® are the contributions from the continuum
with the fact that at around this temperature the sum of théadiation accompanying the radiative recombination pro-
ionization flux and the recombination flux takes the minima.cesses and the bremsstrahlung, respectively. The coefficients
The “inverse edge-localized modes phenomena” observed iR« and p® in the rewritten forms ofW® and W® are the
JET(J0|nt European Terl)é and ASDEX Upgrad%1 and the functions OfTe. We call Po and P, the radiation power rate
“negative spikes” in the emission line intensity in the tran- Coefficient of the recombining plasma component and the
sition between the attached and detached states of plasrif{lizing plasma component, respectively.

observed in NAGDIS-fi can be interpreted in the context of ~ Figure 8 shows thd, dependences dP, and P, for

the present explanation. It is noted here that these minimgeverain values. Here, the fractions @f andp® are also

Correspond exact|y to the maxima in the case of the ionizaShOWn. The gaunt factors for free—free transitions that are
tion balance plasma in Fig. 7. needed in the evaluation @® are calculated with the code

of Ref. 20. ForP, it is found that in the lown, cases the,
dependence is weak. This is understood from the fact that
whenn, is low, the corona equilibrium is valid for most of

In Sec. lll we have focused our attention on the relationthe excited levels and their population is proportionahto
between the intensity of a single emission line and the ionas mentioned in Sec. Il A. The decreasdinin the highn,
ization or recombination flux. When we consider, for ex-cases is due to the change of the population mechanisms of
ample, the radiation loss in the divertor region with the re-the excited levels as already mentioned in Sec. Il A.

+WR+ W8 (12)

+pRnen; + p°nen; (13

IV. TOTAL RADIATION POWER
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Figure 9 shows the rati®y/acg. In the low T, range, electron density (m ")

where the contribution from the bremssj[rahlung is small, th G. 10. n, dependences of (@ Swu/ey(3'D.2'P) and (b)
values are close to th_e |(_Jn|zat|on potential _of th_e grou,_md stathR,EO(yD,zlp) for severalT, values for neutral helium.

atom (~13.6 eV). This is understood as: in this regime the

electrons having low kinetic energies are mainly captured to

the ions through the radiative recombination processes, and 1

even those which are captured to the excited levels eventu- C(1,p)%—5—5 (19
ally decay to the ground state by cascadesnAdncreases X1p

the ratio is slightly reduced. This is due to the enhanced rolés used. As for the rate coefficiel@(1,2), the following
of the collisional processes which replace the radiative deapproximation holds well in the low, and highT, ranges’!
cay.

In Fig. 9 the ratioP,/Scgis also shown. The remarkable Ser=S(1)=C(1.2). (20)
feature is that in the lom, and highT, ranges, the ratio is P, is thus found to be close tgyScg. WhenT, is low, Scr
also close to the ionization potential of the ground statedeviates fromC(1,2), and whenn, increases, collisional
atom. This fact is understood from the following consider-processes become significant, and then the relafgn
ation. In the corona equilibrium regime virtually all the elec- = yScr breaks down.
trons excited from the ground state eventually return to the
ground state by radiative transitions either directly or viay, NEUTRAL AND IONIZED HELIUM
other lower excited levels. In such circumstanégscan be
approximately written as Calculations similar to those in Secs. Il and IV have
been carried out for neutral and ionized helium. The emis-
sion lines, He X 667.8 nm (2P—3'D) and Hei \ 468.6

©

Pl_pZZ CLp)xap (19 nm (3-4), are taken as examples. The results:/€o(p,q)
4 . andScr/€1(p,q) for neutral helium are shown in Fig. 10 and
~ xuC(1 2)3_2 p (16) those for ionized helium are shown in Fig. 11. Similar fea-
H s p=2 (p2_1)3 tures to the case of neutral hydrogen are observed.

4 Figure 12 show®, and P, for neutral helium. HereR

— yC(1 2)3_[@+ i} (17) includes the radiation by the stabilizing transition in the pro-

H 28 4 32 cess of the dielectronic recombination; This is responsible
for the “hump” in 10 eV<T,<100 eV. Figure 13 shows

=0.998¢1C(1.2), (18 Po/acgandP,/Scr. Due to the rather complicated energy-
whereyy and(k) are the ionization potential of the ground level structure as compared with neutral hydrogen, the values

state and the Riemann zeta function, respectively, and thdeviate from the ionization potential of the ground state
theoretical approximatich (~24.59 eV) even in the parameter ranges that are favored
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5 and P, /Scg for ionized helium. It is again found that
electron density (m )

Po/acg in the low T, and lown, ranges andP,/Scg in the
FIG. 11.n, dependences 68) Ser/€;(4,3) and(b) acg/eq(4,3) for several  Nigh Te and lown, ranges have similar values to the ioniza-
T, values for ionized helium. tion potential of the ground state ion-64.4 eV).
It is known that neutral hydrogen and hydrogenlike ions
follow the scaling against the nuclear charge. The energy and
for Po=xnacgr and P;= x,Scr for neutral hydrogen. It is, T, scale according t@2, andn, scales according t@’.% It
however, noteworthy that they still have similar values inis seen that the results in Figs. 9 and 15 approximately fol-
such parameter ranges. low these scalings. These scalings make ionized helium in-
Figure 14 show®, andP;, and Fig. 15 showP,/acr  teresting from the standpoint of radiation loss. In comparison
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FIG. 12. T, dependences d?, and P, for severaln, values for neutral  FIG. 14. T, dependences d?, and P, for severaln, values for ionized
helium. helium.
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with neutral hydrogen, ionized helium tends to radiate more time (s)

e.nergy per Iomzat.lon event .under plasma CO_I’]dItIOI’IS of pra'CIEIG. 16. Time variations ofa) the photon emission rates of thei N 656.3

tical |ntt23re§té For instance, in a pIa;ma with= 10 QV _anq nm (n=2-3), Hel \ 667.8 nm (2P—3 D) and Hel \ 468.6 nm f
ne=10 m™3, neutral hydrogen emits 0.3 eV per ionization =3-4) lines andb) the time derivative oh, estimated from the photon
event while ionized helium emits 100 eV. This observationemission rates of the above three emission lines and that from the interfer-
may have some significance in the efforts to reduce the he&feter measurement in the initial stage of a discharge.

flux to divertor plates.

where 1, 2, and 3 stand forik\ 656.3 nm, He A 667.8 nm,

VI. EXAMPLE and Hell A 468.6 nm lines, respectively,is the measured
In many real plasmas like those in LHD, at the begin-Photon emission rates, andcorresponds t&cr/€1(p.q)-
ning of a discharge an ionizing plasma is formed and In the time region displayed in Fig. 16, is measured

increases through the ionization flux. On the other hand, atth the igterjgromgter for the same discharge and found to
the end of discharge, may be diminished by diffusion and P& 2% 10* m™* at highest, and’e has been estimated to be
the recombination flux in a recombining plasma. in the range of 30—100 eV from the emission line intensity
We have measured the intensities of thex656.3 nm.  'atios of neutral helium? Taking these parameters into ac-
Hel A 667.8 nm, and He \ 468.6 nm lines in a helium C€ount, we fixky, «7, and«; to be 10, 100, and 20, respec-
discharge. Though only helium gas is puffed, an appreciabldVely (see Figs. 4, 10, and L1The right-hand side of Eq.
amount of hydrogen is found present which is considered t§27) is calculated with these values and the photon emission
originate from the neutral beam injectiéNBI) or from the ~ rates in Fig. 16 and the results are shown in Fig. (g
wall. The viewing chord of the observation almost coincidesto9ether with that deduced from the interferometer measure-
with the major axis of an elliptical poloidal cross section of Ment. Here, the viewing chord length; 1.8 m, is used for
the plasma which is elongated in the major radius directionPOth the results. It is noted that we have ignored the param-
The measurement has been carried out with a spectrometgfer dependences a, spatial and temporal, and the exis-
equipped with a charge coupled device detector and all thretence of other |_mpu_r|t|es and that the toroidal _Iocat|on of our
lines are measured simultaneously. For the present measuf@easurement is different from that of the interferometer.
ment the sampling time is 5 ms. Figure(d6shows the time Considering such circumstances and that the comparison is
evolution of the photon emission rate of the above-conducted in the time derivatives, which are prone to errors,
mentioned three lines at the beginning of a discharge. Sinc¥® conclude that the agreement is satisfactory and the valid-

hydrogen and helium are the dominant constituents of thdy Of the present method is confirmed.

plasma, the following relationship is expected to be a good ~Figure 17@ shows the photon emission rates of the
approximation: same emission lines near the end of the same discharge. It is

noted that we have subtracted the intensity of the blended
Hell (n=4-6) line from that of the H A 656.3 nm line.

= kql 1+ Kol o+ o) T . .
Kl il ot Ksls, @) The contribution is estimated from the intensity of theiHe

di"e
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while ng is kept almost constant in this time duration, and
e—o HI (656.3 nm) x 5 _ then the recombination of hydrogen and helium follows. This
4----4 Hel (667.8 nm) x 5 | indicates that though the recombination processes of hydro-
w-m Hell (468.6 nm) | gen and helium play important roles for the decrease,afs
mentioned previously, they have almost nothing to do with
the dominant decrease of the stored energy or the tempera-
ture.

We have throughout assumed the quasi-steady-state ap-
proximation for the metastable levels, but its validity is ques-
tionable in the low density cases. For example, under the
condition of T,=0.1 eV andn,=10' m™3, the decay time
of 2'S level to the ground state through the electron colli-
sions is about 20 ms, which is comparable to the decay time

=
[

oy
=

o
%

chord-integral

o
~

.. 19 2 -1
photon emission rate (10 "m s )
=
=S

e
®

=]

F (b - o ee ] i X )
- . from line intensities | of ng in Fig. 17. In such circumstances, however, other pro-
N\, -—-- from interferometer . . . .
20| / . N cesses like metastable—metastable collisions and diffusion of
107E ; . contributions from J bl | . | in th |ati
~ F o metastable atoms may play important roles in the population
«” C [— Hel A balance, and the quasi-steady-state approximation may still
% i N Hell ] be valid® For more precise analyses of the experiment, such
=, o ) ’ a deliberate calculation would be necessary.
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