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Effect of excited states on the ionization balance in plasmas via the enhancement of ionization
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The effect of excited states on the effective ionization and recombination rate coefficients for the ground
states was investigated analytically and by computer simulation. The calculation was done for carbon ions. The
results using carbon ions shaw) the contribution from excited states to ionization rate coefficients becomes
significant even at an electron density as low a¥ 1@ and saturated from aroumd,=10?° cm™3; (2) the
lower the electron temperature, the larger the contributi@hin the case of recombination rate coefficients,
there is still a non-negligible contribution from excited states even at a very low electron density afriC®,
where the contribution has been considered negligitdlethis contribution to the recombination rate coeffi-
cients increases linearly with the electron densi§y;the enhancements of the ionization and recombination
rate coefficients increase bl increases and are saturated to the same value at higher deijtitbsre exists
a region of temperature and density where the recombination is effectively hindered. Some of the behaviors of
the ionization and recombination rate coefficients in the extreme regions of a very low and high electron
density were analytically understood. The calculated ionization and recombination rate coefficients for carbon
ions, including the effect of excited states, were used in a one-dimensional magnetohydrodynamic code for the
calculation of the ionization balance of carbon ions iB-pinch carbon plasma and the gain of/lCH, (18.2
nm) line. The significant change in the evolution of the ionization balance was observed. The rapid depletion
of Cwvil ions by the increased recombination rate reduces the gain significantly by a faet8raafmpared to
the case where the contribution from excited states was neglected. Such calculations can be done for other ions.
The characteristics found for carbon ions are generic and applicable to other ions.
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PACS numbes): 52.25.Jm, 42.55.Vc, 52.65.Kj

[. INTRODUCTION tion to direct ground-to-ground ionization and recombination
processes, indirect multistep processes involving excited
Laboratory high density and temperature plasmas havetates become significant. The electron-collisional recombi-
practical applications which often demand the better underpation pumping scheme using an H-like or Li-like ion for the
standing of the spectroscopic properties of such plasmagevelopment of soft x-ray lasef2-6] requires a plasma
Such demands have attracted research on atomic propertiggoling rate faster than the recombination rate of fully
of dense p|asma in astrophysics and |aborat0ry p|asma e)‘@lrlpped ions to H-like ions or He-like ions to Li-like ions. In
periments1]. One of the important properties to be under-2& Z-Pinch plasma for the development of soft x-ray lasers,

stood is the contribution from excited states to the ionizatiorin® adiabatic expansion which was shown to play a main
balance. cooling role[7] are greatly affected by the rising and falling

The knowledge of the ionization balance is crucial for fime of plasma current. Hence, the accurate estimate of the

characterizing the spectroscopic properties of plasma ber_ecombmanon rate becomes important, when one designs a

cause it determines the emission and absorption spectrum Bymping system for an x-ray laser.
. ) . ption Sp .~ Low-temperature and density plasmas have been used in
the plasma. Chemical reactions in plasmas will be also SO

i v aff d by the d f ionization. The ionizati ence and industry. The application of such plasmas espe-
hificantly affected by the degree of lonization. The lonization ;4 iy semiconductor processing has been very successful

balance has been calculated, considering atomic processggq their roles become increasingly important. As better and
only between ground states of ionization stages. The undefighter control of such plasmas are being required, research
lying assumption is that the populations of ground states argfforts have recently been increased toward better under-
far larger than those of excited states. This is no longer trugtanding of the characteristics of these plasi&8]. In
at the high density region where the populations of excitedhis vein, the contribution from excited states to the ioniza-
states can be good fractions of ground-state populations. Thin balance, which has been considered negligible, is cer-
present study shows that even at low density region wherginly an area to be understood.
the populations of excited states are small compared to that A simulation code for the evaluation of the collisional-
of a ground state, excited states can still make a nonradiative(CR) ionization and recombination rate coefficients
negligible contribution, especially in the recombination pro-[10] which include the contribution from excited states was
cess. developedSec. ). The screened hydrogenic mod&L] for
X-ray laser study is one of the areas of research where ththe structure of energy states was used. By using the
contribution from excited states can be important. At highscreened hydrogenic model, the calculation can be done for
plasma density relevant to x-ray laser experiments, in addithe wide range of elements with a reasonable accuracy.
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While in this study the calculations were done for carbon Nea?b+ai"
ions and the conclusions were drawn with respect to them, b?=f, (4)
the calculation for other ions can be readily done and con- :

clusions made in this paper are generic and applicable to

1_ ~d
other ions. The general behavior of the calculated CR rate bi=Ciy. )
coefficients for carbon ion&Sec. Il) and their effect on the ) ] . . .
ionization balancéSec. I\) will be discussed. p; is the population of théth state normalized to that in the

Saha equilibrium:
Il. CALCULATIONAL MODEL

i
The populations of excited states in thgh ionization Pi= NE" (6)
stage are evaluated by the following set of the rate equations '
in the collisional-radiative model: NiE: NeNiq+1fi , )
d
—N9= NI NS +N> Cii+ >, A [+Ng>, NIC;, .
dt e = Il = B f,=1.64x 10*22g(?+'1T;3’2exp(Ei/Te), (8
ap.. 4+ NItTL 3by . - . .
+jz>i NjAji + N1 Ne(Nea™+ a7), @) whereg; is the statistical weight; the ionization energy in

eV, andT,, the election temperature in eV. The matrix inver-
whereN? is the population of théth state in thegth ioniza- sion of Eq.(2) gives _the populations of the excited states in
tion, N‘j*l the population of the ground state in the terms of the population of the ground state
(g+1)-th ionization stageN, the electron densitys; the
electron-collisional ionization rate coefficient of tié state,
Cj; the electron-collisional excitatiofdeexcitation rate co-
efficient from theith to jth state,Ag the radiative transition
rate from theith to jth state, andx’® anda!" are the three-
body and radiative recombination rate coefficients from th
ground state of theq+ 1)-th ionization stage to thi¢h state,
respectively. — N9= — N_.N¢
This time-dependent rate equation is usually coupled with dt ™t et
hydrodynamic equations of a plasma. If the relaxation times
of excited levels are much shorter than the time scale of +NGNJ*?
hydrodynamic variation for the range of plasma temperature
and density under interest, it is sufficient to express the ex-
cited level populations in steady state as a function of ground
level populations assuming that they reach a steady state. o o c
However, since the relaxation times of ground levels are intVith these CR ionization §%) and recombination )
general, comparatively slow, it is solved time dependently'ate qoeffluents for th<=T ground states which take into account
This is the quasi-steady-statéQSS approximation. contr]t?utlons from e_XC|ted states, the grounq state populatlon
McWhirter et al. [12] analyzed the QSS approximation in densities are readlly callculated along lvy|th e;vqluﬂon of
detail and presented the valid range of electron temperatufda@sma hydrodynamics. Sin&g-.;N{'<N{"* is satisfied un-
and density for hydrogenic ions. The validity of the QSsder the QSS approximatidii2], the sum of all the ground
approximation in the plasma investigated in this paper istate population densities can be approximated to the total
discussed in detail in Sec. IV. Under this approximation,ion density. Thus the ground state populations can effec-
dN9/dt for the excited states can be put equal to zero excepively represent the ionization balance.
for ground statedN%dt=0 for i>1. Then Eq.(1) can be For the calculation of t_he CR_rate cogfflc_lents, the struc-
rewritten in a matrix form as ture of the energy states is required, which is often complex
for multielectron ions. However, since the CR rate coeffi-
cients are total quantities produced by multistep processes
between internal states, they are not so sensitive to the de-
tailed ionic structure of the energy states. As an approxima-
tion, the screened hydrogenic modé&B] has been already
used in the calculation of the ionization balance of complex
atom such as seleniufi1]. The results were shown to be in
de ox o good agreement with the calculations where the detailed
D — +Ne Si+k§ Cik“LkZai ik +|(§<:i A If =] structure of energy states were used. In this paper the
. screened hydrogenic model is used to describe the energy
states.
In this model, the energy of a state is described by a
3 principal quantum number with an effective charg®),

p=r2+Nelp;. €)

The insertion of Eq(9) into Eq. (1) for the ground statei (
=1) defines the CR ionization and recombination rate coef-
eficients, respectively, as

f.
SED) ( i}(—rjlf—J(NeC?f-f—Ajl)”
j>1 1

Neaib"r‘ QT +;1 flr?(NeC?le"r‘A]l)}

= — NeNJSCR+ N NI R (10

D-5=b"+Ngp;b?, (2)
where

—NeC{® if i>]

fi .
—Necﬁx—Ajif—i‘ it i<j,
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50nn(Pn—=1) |,

5 11

Qn=2- E TnmPm™t
m<n

whereZ is the nucleus charge,, the screening factdi3]
which describes the screening of charge seen by electrons
then shell by an electron in the shell, andP,,, the number
of electrons in then shell for a given electron configuration.
When only a single excitation is considered, the ionizatior
energy can be written as

Q;

Onn
En=13.6n7 —(P,—1)

Qn

The first term is an attractive potential due to the net ionic
charge and the second term is repulsive potential due to tt
electron in the same shell.

1- [eV]. (12

IIl. CHARACTERISTICS OF THE
COLLISIONAL-RADIATIVE
RATE COEFFICIENTS

The CR rate coefficients calculated for the ground state
of carbon ions including excited states upnte 20 are plot-
ted in Fig. 1. Even when the excited states up 0100 were
included, the results were the same within the range of 0.1%
In our calculation, excited states up e=20 were used to
minimize the computational time. In the region of a low
electron density, both the CR ionization and recombinatior
rate coefficients become independent of the electron densit
However, note that the CR ionization rate coefficients ap-
proach those without the contribution from excited states bu
the CR recombination rate coefficient does not, indicating
that there is still a significant contribution from the excited
states even at low electron density. As an electron densit
increases S°R also increases but becomes saturated while
a“Rincreases linearly wittN,. The change of the CR rate
coefficients due to the contribution from excited states is
larger for a lower electron temperature.

This behavior of the CR rate coefficients is better under-
stood by examining them analytically in limiting cases. In
the limit of Ng— 0, electron-collisional processes become
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slow and the populations of the excited states are determinea
by the balance between collisional excitation processes from F|G. 1. CR ionization rate coefficientsS¢R, thick lines and
a ground state and radiative decay processes. Hence the raégombination rate coefficientsxf?, thin lines for carbon ions

equations for excited statesX1) [i.e., Eq.(2)] become
j=i—1
NiA;1+ JZZ N;Aj; —

2 NjA,

j=i+1

=NNTa"+NN;Cy;  (i>1). (13
The summation of Eq(13) overi(i>1) leads to
2 NAT=NN'Y of +NeNy X, Cypy (14
i>1 i>1 i>1

which is then inserted into Eq1) for the ground statei (
=1), resulting in

d
Ni=—NN;S;+NNTY ol
i=1

gt (15

plotted as a function of electron densit)d) at T,=10 (O), 46.4
(O), and 1000 eV(®) for (a) Cu, (b) Civ, and atT.=46.4 (O),
215.4(0J), and 1000 e ®) for (c) Cvi. The CR rate coefficients
without the contribution from excited statédashed linesare also
plotted for comparison.

This implies that the electron-collisional excitations from the
ground state to the excited states make negligible contribu-
tions to the effective ionization process in the region of a low
electron density. But in the case of recombination, the ex-
cited states still make contributions via the radiative recom-
bination followed by radiative cascades. The effective re-
combination rate coefficient then becomes the sum of
individual radiative recombination rate coefficients. The
other limit whereN.—« can be analyzed using LT#ocal
thermodynamic equilibriusnmodel. In this model, the solu-
tions of Eq.(2) are simplyp;=1(i>1). Equation(1) for i

=1 can be then written as
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FIG. 3. Saturation electron densiy;* [Eq. (17)] at which the
CR rate coefficients begin to be saturated plotted as a function of
u=E,;/T.. The saturation densities for different ionization stages
10 F (b)' T T T T T T T T — obtained from simulations are also shown.
[ ——c
P —e—Cli

when an electron density is high so tergC‘-’f>Aj1, from
Egs. (2), (3), and (9), one can show thatjo1/Ne. This
implies that the terms representing the contribution from ex-
cited states become independentN\yf but dependent upon
T, only. The saturation poini3® can be estimated by put-
ting N$AC3e=A,,, so

| ——civ
——CV

Ay 358
NS~ —7e=10%5—— cm3 1
10° i 1 1 € Cjé_f Ol eu11//2(u) ¢ , ( 7)
10" 10" 10" 10" 10" 10% 10%
N, (cm™) whereu=AE,;/T. andy, is a function defined in Ref14].

— sat; .

FIG. 2. Ratios of the CR rate coefficients to those without thqurTe._ 46'4s§V’ Eg.(l?) for N? |§ plotted as a functlon of
contribution from excited states are plotted as a functiolNgfat uim F!g. 3. Ne for different ionization stages obtgmed from
T.=46.4 eV for(a) ionization and(b) recombination. the 5|mulat|o.n results .are_also marked, showing a good

agreement with the estimation by E4.7). N3* was chosen

from the simulation data as the density where the ratio be-

S+ C'iix} comes 90% of its saturated value. A similar argument holds

i>1 true for the CR recombination rate coefficients. In this case,

the saturation occurs in the electron density region when

a®+> ficgle”_ (16)  both the three body recombination and collisional deexcita-
i>1 tion processes are larger than the corresponding radiative re-
combination and spontaneous emission processes, respec-

This shows that the CR ionization rate coefficient is given byliVely- This condition requires higher density in general.

the sum of the direct ground-to-ground collisional ionization . Another Interesting feature iN, dependence is the nega-
and the collisional excitation rate coefficients from thellV® s7lope_30fa /a, for lower ionization stages nede
ground state. The latter will be quickly saturated because the 10'"cm , as manifested in Fig.(8). To understand this
collisional excitation rate coefficient is exponentially de- Pehavior better, a simple tWO'le\(’:il ion is analyzed. One can
creasing as the energy differences between states becorfigfive the following relation for™"/ a;:

larger. However, note that the CR recombination rate coeffi-

d
aN]_: _NeNl

+ NN Ng

cient, consisting of the three-body recombination rate coef- aR _ Nea3’+ay NeCoT+ Az
ficient and the sum of the collisional deexcitation rate coef- @ Neai’+ ol || Ne(S,+C59) + Ay
ficients multiplied byf;, increases linearly witiN,.

The enhancement of the ionization and recombination rate =P(Ne,Te)Q(Ne,Te), (18

coefficients of the ground states, i.e., the ratios of the CR rate ) o
coefficients to direct ground-to-ground rate coefficients arévhere we note thaP(Ne,Te) includes the recombination
shown in Fig. 2 for various ionization stages at a given temProcess only. Then

perature ofT,=46.4 eV. The ratios are saturated at differ- R

ent Ng's for different ionization stages. This saturation can i(“ _ ): d_PQ+ Pd_Q (19)
be attributed to the dominance of collisional processes over dNe dNe dNg’

radiative processes beyond a certain electron defsityira-

tion density. For the CR ionization rate coefficier8R, where

ay
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dP/dN, is always positive because3’>a3 and af 10°
<ay" . Hence the first and second terms in Ef9) have

different signs. This represents the competition between th 10°
recombination to and the collisional ionization from excited 10’ 10 10°
states. The electron density and the ratio of temperature t T(ev)

ionization energy in a specific situation determines the sign

of Eq. (19). In the case for @, Cui, and Qv in Fig. 2b), FIG. 4. Ratios of the CR rate coefficients to those without the
where the electron temperature is in proximity of ionizationontribution from excited states are plotted as a functiorf ot
energies, as the density gets smaller, the recombination aldl=10“cm * for ionization and recombination for the @ ion.
decreases but the density is still high enough for significant "€ least-squares fitting of E(24) is also shown.
collisional excitation and ionization from excited states to

occur so that the recombination is effectively hindered. Oth- exp(B/Te)

erwise the recombination rate coefficient could have been TS

higher. As the density gets decreased further, the collisional

processes become much weaker and the recombination NQW the low temperature region of<100eV yields B
even increases slightly. However, in the case for higher ion=40.5ev andC=2.3. This implies that the contribution
ization stage such as\Cand Cvi, where an electron tem- from excited states must be considered in the calculation of

perature of 46.4 eV is much smaller than their ionizationthe evolution of ionization balance of the low-temperature
energies, the recombination process compared to collisionging high density plasma.

process becomes far more dominant than in the case of low
ionization stages so that“Y« does not have a dip but
monotonically decreases.

The enhancements of both ionization and recombination
rate coefficients of the ground states due to the contribution |n the research of x-ray laser using the electron-collisional
from excited states become equal to each other when the q%combination pumpmg scheme, one has to treat the evolu-
rate coefficients are saturated at high density: for exampl&jon of ionization balance in a recombining high-density,
for Cin SNS;=a“Ma;=3.5 at No=10"°cm ® and T, |ow-temperature plasma. To obtain a significant population
=46.4eV. This can be seen from EG.6) through the de- inversion using the recombination scheme, the cooling pro-

(24)

IV. APPLICATION TO GAIN DYNAMICS OF C  wvi H,
IN A RECOMBINING CARBON PLASMA

tailed balancing cess which follows the production of a high-temperature and
high-density plasma should be faster than the recombination
f1S,= afb, process. Hence the knowledge of how the ionization balance
evolves in a high-density plasma in a cooling phase becomes
f,C*=f,CO%¢. (220  important.

The CR rate coefficients, discussed in the previous sec-

For the Cv and Cvi ions, there is still a discrepancy between tion, have been applied to study the effect of the contribution
S°R/S, and a R, as also shown in Fig. 4, because thefrom excited states on the ionization balance of a gas-puff

saturation density is arourld,=10%*cm 2 for a given tem- Z-pinch carbon plasma and on the gain dynamics. In the case

perature of 46.4 eV. Figure 4 is the variation®t¥/sS, and  ©f @ carbon plasma, the recombination pumping to H-like
a Rl ey for Cvi at Ng=1072cm 2 with respect to tempera- QV| n=_3 state from fully stripped @I ions leads to a las-
ture, showing the strong dependence of the enhancement §#g action at 18.2 nm with respect to the=2 state.
temperature especially in the region of a low temperature, N @ gas-pufiZ-pinch plasma, the adiabatic expansion can
The change of temperature by one order of magnitude frorf?€ considered as a main cooling process which leads to a
100 to 10 eV results in the change of 4 orders of magnitud@UPercooled plasmg]. Since the cooling rate is related to

of the CR rate coefficients. The temperature behavior off® rise time of a plasma current, to know the increase of
aCR/aib can be approximately described as recombination rate due to the effect by excited states is im-

portant for the design of an experimental device.
To observe the effect of excited states on the gain dynam-
, (23)  ics through the CR rate coefficients, a series of simulations
Te was performed on &-pinched carbon plasma using one di-
mensional MHD (magnetohydrodynamiccode equipped
whereE; is the ionization energy of thigh state. The least- with atomic kinetics. Since the detailed description on this
square fitting ofSC¥/S; to code has been already given in Rgf], only a brief expla-

CR 2
@ Ef  expE/Te)
—5 =2, 14.57;
a; Z (E1—E)
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FIG. 6. (a) Relaxation times of the ground and excited states of

: : ; : the Cvi ion and(b) the populations of the ground states ofIC

L g S S ] Cwi ion, and the sum of the excited level populations. The total ion

r : ' ‘ 1 density is also plotted for comparison.

10 [ R """"""""" ] cited state populations as a post processor to the MHD code.
: ‘ 1 The radiative reabsorption is also included. Figure 5 show
the temporal changes of the ground state populations\qgf C
Cvi, and Cvil ions. Figure Ba) is the case where the direct
ground-to-ground rate@o contribution from excited states
are used and Fig.(B) the case where the CR rates are used.
The corresponding, and N, are shown in an inset. This
t(ns) was obtained for &-pinch carbon plasma of the initial den-
, , sity of 2.5x10®¥cm 3 with the quarter period of a driving
F_IG._5. _Temporal changes_ of carbon ion species calculated from,rrent pulse being 100 ns and a peak plasma current 110
thf 'On'zf?t'_on tbalance e(?“at'o?g) OCnILV dlreCt g]:fpgndt-to-ground 4 KA. The initial plasma radius was set to be 2 mm. The effect
rate coefficients are used att) the rate coetlicients are Used. o the evolution of the ionization balance is manifested by
T, andN, are shown in an insefc) The gains of G/ H, (18.2 nm . .
. . o . the fact that G/l ions depletes much fastér5 ng than in
line are compared without the contribution from excited states . .
- o : the case of only the direct ground-to-ground processes being
(solid line) and with it (dashed ling . o o . X
included(~20 ng. This is a significant change in the point
nation will be given here. The one-dimensional MHD codeof the pumping time scale requirement. The time scale of
solves a single-fluid, two-temperature MHD equation alongtemperature change is abott5 ns, which is comparable
with an ionization-balance equation, in which the CR ratewith the recombination time of-1 ns[Fig. 1(c)]. But the
coefficients or the direct ground-to-ground rate coefficientgapid depletion of &/ ions implies the reduction in the
can be used for the evolution of the ground state populationgaumping source for the upper lasing state=3) at an ad-
The MHD equation includes Joule heating, shock heatingequate condition for the gain. The gain is thus much reduced
Bremsstrahlung radiation loss, heat conduction, magnetithy factor of 3 and exists for a shorter durati¢fig. 5(c)].
field diffusion, and shock pressure. The atomic kinetic code The role of the increased recombination rate ofiGo
evaluates Eq(1) in a QSS approximation to obtain the ex- Cv ion should be also noticed. When only the CR rates

g(n=3->2) (em™ )
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between G/ and Cvi ion are included, no gain was ob- V. CONCLUSIONS
served. In this case, the slow depletion oiGons results in The effect of excited states on the CR ionization and re-

pop_u!atlng the_ IOW lasing staten@Z)_ through the electron-_ combination rate coefficients has been studied, especially for
collisional excitation a_nd r_eabsorptlon process. 'I_'hus the iNgarhon ions in view of their importance of x-ray laser devel-
crease of the recombination rate fromviCto CVv ion has  gyment at 18.2 nm. The collisional-radiative ionization and
positive effect on the gain dynamics through effectively low- gcompination rate coefficients for the ground states of car-
ering the population of the=2 state. This demonstrates the hon jons were calculated using the screened hydrogenic
importance of the consistent inclusion of the contributionatomic model and characterized. The calculations can be
from excited states in the ionization and recombination ratejone for other ions. The characteristics for carbon ions are
coefficients for all ionization stages. generic and applicable to other ions.

Up to now, the QSS approximation has been used. For the The results reveal that the contribution from excited states
QSS to be valid, the following two conditio42] are to be  begins to play an important role from the electron density as
met. One is the relaxation time requirement which has allow as N.=10%cm 3 and becomes saturated ai,
ready been discussed in Sec. II. The relaxation times of the=10?°cm™3. In the case of recombination, due to the radia-
ground state and the excited levels fowiCion, which are tive process from the higher ionization stage to excited
most relevant to the recombination process under interesstates, the CR recombination rate coefficient is higher than
are shown for the plasma discussed in this section in Fighe direct ground-to-ground recombination rate coefficient
6(a). The relaxation time of the ground state is seen to bé&ven at low electron densiti¢as low as 1&cm™°), where
longer than those of the excited states by two orders of magﬂ‘e contribution from excited states has been considered to
nitude. Hence the relaxation time requirement is well satisP€ negligible. The contribution enhances the rate coefficients

fied. The other condition, expressed by the inequality by seyeral orders of magnitude at a high electron density and
specially at a low electron temperature.

" Some of these characteristics were understood analyti-
>, NP<N{™ (25  cally in the asymptotic cases 6f,—0 andN,— . These
=1 analytic formulas can be directly applied to a plasma in co-

: ; : : i d LTE regime.

is also checked by comparing the population density ©fiC rona regime an i . .

ion and the sum of the excited level populations of thet C h The effectf or? the gljam of ? H.“ (r118'2 Em Ilnle during

ion [Fig. 6(b)]. The summation is done over up to principal the course of the evolution of Zpinch carbon plasma was

quantum numbem = 10 taking into account continuum low- investigated. This study reveals the increased recombination
y jJate in the cooling phase significantly shorten the lifetime of

well in the region of the QSS approximation. Since the sume Vil ions, making the gain both short lived and smaller.

of all the ground state populations is approximated to the
total ion density from Eq(25), this introduce an error of less
than 10% in the ground state population of an ion stage with This work has been supported in part by the POSTECH/
respect to its total ion density in the evaluation of ionizationBSRI special fund, the Basic Science Research Institute Pro-
balance but it does not change our conclusion and the gaigram, Ministry of EducationProject No. BSRI-98-2439
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