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Deexcitation and recombination of excited ions through doubly excited levels
in a dense recombining plasma: Lithiumlike recombining plasma laser

Tetsuya Kawachi
The Institute of Physical and Chemical Research (RIKEN), Saitama, 351-01, Japan

Takashi Fujimoto
Department of Engineering Science, Kyoto University, Kyoto, 606-01, Japan

~Received 8 July 1996!

Collisional transitions from excited levels in a dense recombining plasma have been considered for lithium-
like ions. Deexcitation from a level of the lithiumlike ion is enhanced by a process in which berylliumlike ions
in doubly excited levels in local thermodynamic equilibrium with respect to this level autoionize. Excited ions
may recombine through a process similar to the collisional-radiative~CR! recombination as in the case of ions
in their ground states. We have estimated the effective rate coefficients for these processes by adopting various
approximations. We have incorporated these approximations into our CR model code for lithiumlike aluminum
ions in a high-density recombining plasma. The excited level populations and the amplification gains of several
laser transitions are calculated for typical conditions of the recombining plasma laser. For an electron tem-
perature of 5 eV, the gains of the 3d 2D–5f 2F and 3d 2D–4f 2F transitions are consistent with the
experimental results.@S1063-651X~97!06901-8#

PACS number~s!: 52.20.2j
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I. INTRODUCTION

The recent development of high irradiance lasers make
possible to produce dense and hot plasmas. The use of
plasmas in a soft-x-ray laser, a high irradiance x-ray sou
or inertial-confinement fusion research requires as good
understanding as possible of the population kinetics of
ions in excited levels under the specific plasma conditio
At electron densities (ne! of the order of 10

24–1027 m23, the
number of ions populated in doubly excited levels is subst
tial, and the atomic processes involving these levels m
play an important role in the population kinetics of the sing
excited ions. One of the processes relevant in this con
was proposed by Fujimoto and Kato@1,2#: hydrogenlike ions
may be excited via doubly excited heliumlike ions that a
created by dielectronic capture of the hydrogenlike io
They also proposed the corresponding deexcitation proc
They named these processes ‘‘dielectronic capture and
derlike ~DL! excitation and deexcitation’’ and showed th
the processes enhanced the effective excitation and deex
tion rate coefficients in dense plasmas.

Moreover, in dense plasmas other processes such a
recombination of excited ions, which also involve doub
excited levels, may also be significant. It is therefore wo
examining the effect of these additional processes on
population kinetics of singly excited ions in dense plasm
Recently, lithiumlike aluminum ions produced in a recom
bining plasma have been studied in soft-x-ray laser exp
ments@3–5#. A serious discrepancy between the experime
and the collisional-radiative model calculations has be
pointed out for the gain of the 3d 2D–5f 2F transition
@6,7#: the calculated gain is smaller by one or two orders
magnitude than the experimental values. These calculat
did not account for these additional processes. In the pre
work, we examine the effects of these additional proces
on the populations of excited lithiumlike aluminum ions a
551063-651X/97/55~2!/1836~7!/$10.00
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on the gains of the laser transitions.
When we deal with doubly excited levels of an ion, w

face the difficulty of a very large number of doubly excite
levels existing with various configurations and symmetri
interacting with each other and with the underlying co
tinuum states. Constructing wave functions of all these lev
and diagonalizing them would obviously be impractic
Since our present objective is not to examine these individ
levels and their populations, but rather their effects on
population kinetics of the singly excited ions, we shall ado
the following simple approximations:~i! we treat a doubly
excited berylliumlike ion as consisting of an excited lithium
like ion core and another excited electron~which we call the
captured electron! in quasi-hydrogenic levels and~ii ! we take
into account the autoionization and dielectronic capture p
cesses and ignore other possible interactions.

Our present treatment may be justified as follows: We
concerned with a dense plasma, and frequency inelastic
lisions tend to redistribute the populations among the dou
excited levels according to their statistical weights@8#. Thus
any effects arising from the characteristics of individual le
els tend to be smoothed out.

II. DL EXCITATION AND DEEXCITATION

The DL excitation of i→k in lithiumlike ions may be
described, in the present approximation, as a series of
cesses of the dielectronic capture of an electron by a lithiu
like ion in level i to form a berylliumlike ion in doubly
excited level (k,p), followed by the ladderlike excitation
ionization @9#, resulting in the lithiumlike ion in levelk @2#,
viz.,

Aq1~ i !1e→A~q21!1~k,p!→A~q21!1~k,p11!

→A~q21!1~k,p12!→•••→Aq1~k!1e, ~1!
1836 © 1997 The American Physical Society
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55 1837DEEXCITATION AND RECOMBINATION OF EXCITED . . .
wheree denotes an electron andp denotes the captured ele
tron state with its principal quantum numberp. A schematic
diagram of this process is shown in Fig. 1~thick solid ar-
rows!. This sequence of processes represents a ‘‘virtu
contribution to the excitationi→k, to be added to the ordi
nary direct excitation. The effective excitation rate coe
cient is approximately given as

CDL~ i ,k!5E
pC

`

r d~ i ;k,p!dp, ~2!

where r d( i ;k,p) is the dielectronic capture rate coefficie
from i to (k,p) and pC is the lower end of the excitation
ladder.pC is given either by the generalization of Griem
boundary levelpG @10# or Byron’s boundary levelpB @11#,
whichever is larger@2,12#: For the doubly excited levels ly
ing above (k,pG), the dominant depopulation process is t
collisional excitation or deexcitation, while for levels lyin
below that, the dominant process is autoionization or rad
tive decay. For the levels lying above (k,pB) the dominant
collisional depopulation process is excitation, while for t
levels below that it is deexcitation. In Fig. 2, the thin so
and dotted lines represent the boundary level for
(3p 2P,p) and (3d 2D,p) levels of aluminum, respectively
Te530 eV has been assumed. Forne<1027m23, pC is given
by pG , while for higher densities it is given bypB ~54.2!
@12#. Since the dielectronic capture cross section across
excitation threshold to the excitation cross section is a c
tinuous function of energy, Eq.~2! can be approximated as

CDL~ i→k!5E
EC

E~ i ,k!

s~ i→k;E! f ~E!v dE, ~3!

FIG. 1. Schematic diagram of the DL excitation~thick solid
arrows!, core electron transition~thick dotted arrow!, and CR re-
combination of excited ions by radiation~thin dotted downward
arrows! and by collision~thin solid downward arrow!.
’’
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whereEC is the energy of the boundary level (k,pC), which
is measured from the energy of leveli , s( i→k;E) is the
excitation cross section extrapolated below the excitat
thresholdE( i ,k), v is the velocity of the incoming electron
and f (E) is the energy distribution function of electrons.
the following the Maxwell distribution with electron tem
peratureTe will be assumed.

In a recombining plasma the population in levelk is ac-
companied by populations in level (k,p); the high-lying
doubly excited levels with largep are coupled so strongly
with the continuum states (k1e) that the populations of
these levels are given by their local thermodynamic equi
rium ~LTE! values. The lower limit of the levels having LTE
populations is also given bypC @12#. These populations may
be lost by autoionization (k,p)→ i1e( i,k), where i lies
energetically lower than levelk. The populations lost by this
process are rapidly supplied by recombination of the lithiu
like ions k with continuum electrons. Thus this process pr
vides an indirect or virtual contribution to deexcitation, th
DL deexcitation, to be added to the ordinary direct deexc
tion. The DL deexcitation rate coefficientFDL(k→ i ) is re-
lated toCDL( i→k) by the principle of detailed balance@2#

FDL~k→ i !5g~ i !/g~k!CDL~ i→k!exp@E~ i ,k!/kTe#. ~4!

It is noted that Eq.~4! is exactly the same as the relatio
holding for the rate coefficients for the ordinary direct ex
tation and deexcitation processes.

FIG. 2. Thin solid and dotted lines, the principal quantum nu
ber of the generalized Griem boundary or Byron boundary level
the (3p 2P,p) and the (3d 2D,d) doubly excited levels, respec
tively. DL deexcitation for the 3p 2P→2s 2S ~thick solid line! and
the 3d 2D→2s 2S ~thick dotted line!. Thick dash-dotted line, the
recombination rate coefficient from an excited level. The rate co
ficients for the DL deexcitation and recombination are labeled
the left-hand side ordinate and the boundary levels are on the r
hand side ordinate. The direct deexcitation rate coefficients
shown by the horizontal lines.Te530 eV.
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1838 55TETSUYA KAWACHI AND TAKASHI FUJIMOTO
We include the DL excitation and deexcitation for th
n52–3, 2–4, 2–5, and 3–5 transitions and t
2s 2S–2p 2P transition of lithiumlike aluminum ions,
where n is the principal quantum number. The excitatio
cross-section data have been calculated by Zhang, Sam
and Fontes@13# for the transitions from the ground sta
(2s 2S) and the 2p 2P level, and for other transitions; th
cross sections have been calculated in the distorted-wave
proximation, the details of which are given in Ref.@14#.

In Fig. 2, the thick solid and dotted lines show thene
dependences of the DL deexcitation rate coefficients for
2s 2S–3p 2P and 2s 2S–3d 2D transitions, respectively
which are calculated from Eqs.~3! and~4!. The direct colli-
sional deexcitation rate coefficients of these transitions
given by the horizontal lines. As the electron density
creases, the generalized Griem boundary level is lowered
the DL deexcitation rate coefficient increases. Forne.1025

m23, the rate coefficients of the DL process become lar
than those of the direct process. Forne.1027 m23, the DL
deexcitation rate coefficients become constant; this is
cause, in this region,pC is given bypB and is independent o
ne .

III. CORE ELECTRON TRANSITION
AND CAPTURED ELECTRON TRANSITION

„CR RECOMBINATION FROM EXCITED IONS …

In addition to the DL processes, we consider another p
cess involving doubly excited levels: The radiative or co
sional deexcitation of the core electron (k,p)→( i ,p)1hn or
(k,p)1e→( i ,p)1e ( i,k) from a level with p.pC may
enhance the transitionk→ i because these doubly excite
levels are strongly coupled with the parent and continu
states.~See the thick dotted arrow in Fig. 1.! If we approxi-
mate the radiative decay probabilityAcore(k→ i ) and colli-
sional deexcitation rate coefficientFcore(k→ i ! of the transi-
tion (k,p)→( i ,p) using the corresponding rate constants
the lithiumlike ions,A(k→ i ) andF(k→ i ), respectively, we
may express the effective rate as

Acore~k→ i !5E
pC

plimit
n~k,p!LTEdp A~k→ i !, ~5!

and a similar relationship holds forFcore(k→ i ). Here
n(k,p)LTE denotes the LTE population with unit populatio
density in levelk andplimit is determined by ‘‘the ionization
potential lowering.’’ For hydrogen atoms, Shimamura a
Fujimoto @15# introduced an ion sphere model with the r
dius r i5(3/4pne)

1/3 and derived that the upper limit and th
number of the bound levels were given byn*5~2.031029

m23/ne)
1/6 and Nbound5~1.731029 m23/ne)

1/2, respectively.
We scale the radiusr i by ne/zeff , i.e., plimit is expressed as
~2.031029 zeff

4 m23/ne)
1/6, wherezeff ~510! is the effective

nuclear charge of the berylliumlike aluminum ions. The
tegral in Eq.~5! takes into account the LTE populations
the doubly excited levels associated with the levelk of lithi-
umlike ions. Since the number of doubly excited levels a
the population of each level in LTE are proportional ton e

21/2

andne , respectively, the integral in Eq.~5! is proportional to
n e
1/2 . In the electron density region ofne,1027 m23, the

fraction of the LTE populations with respect to the popu
on,
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tion of the parent levelk is less than 10% forTe530 eV. It
may be concluded that the contribution from the core el
tron transition is rather insignificant.

In the above, we have expressed the core electron tra
tion as an enhancement of the transitionk→ i . However,
since the LTE populations associated with the parent levk
are strongly coupled with this level, the core electron tran
tion may be interpreted as an effective enhancement of
populationn(k) of the parent levelk. The degree of en-
hancement depends on the parent level.

A third process to be considered is a multistep transit
involving the captured electron, a process similar to the st
dard collisional-radiative~CR! recombination process, estab
lished for the ground-state ions@12,16#. Its essential feature
in the present context is that the populations of the hi
lying levels (k,p), which are in LTE with respect to the leve
k, are lost by deexcitation of the captured electronp. The
mechanism of the CR recombination is summarized as
lows. In the low-density region ofpG.pB @in this descrip-
tion, we usep in place of (k,p)], the CR recombination rate
is the sum of the direct radiative recombination rate to lev
q,pG and the radiative cascade rate from the levelsp.pG
to these low-lying levelsq. In the high-density region of
pG,pB the rate is determined by the mutlistep ladderli
deexcitation flow originating from the start of the ladderpB ;
the CR recombination rate is approximately given
n(pB)F(pB ,pB21)ne , wheren(pB) may be approximated
by the LTE population.~See Figs. 5–7 and 10 in Ref.@12#.!
In the following we approximate the CR recombination ra
coefficient for excited lithiumlike ions by that for th
ground-state heliumlike ion with effective core char
zeff510 ~nuclear charge 12!. In the first example treated in
Sec. IV, the density region corresponds to the case
pG.pB ~see Fig. 2! and the CR recombination rate coeffi
cient will depend on the details of the ionic states and
energy-level structure of the doubly excited ions. Therefo
our approximation may slightly over- or underestimate t
actual rate coefficient. On the other hand, in the second
ample, sincepG,pB ~59.5!, the rate coefficient will be in-
sensitive to the details of the energy-level structure in
energy range lower thanpB . In this case, our estimate shou
be fairly accurate.

In Fig. 2, the thick dash-dotted line represents the r
coefficient of the CR recombination from the ground-sta
heliumlike ions withzeff510. We include in our CR mode
code the core electron transitions among then<5 levels and
the CR recombination from levels withn<8.

IV. CALCULATION OF THE EXCITED LEVEL
POPULATIONS AND THE GAINS FOR A LITHIUMLIKE

ALUMINUM ION LASER

We took into account these three additional processes
our CR model code@7# for lithiumlike ions and we calcu-
lated the populations and gains for a lithiumlike aluminu
ion x-ray laser scheme. We assumeTe530 eV, which is a
typical temperature derived from hydrodynamics simulat
for the laser-produced aluminum plasma@3,4,17#, and that
the plasma is in the recombining plasma scheme, i.e.,
excited level populations are created only from heliumli
ions. The heliumlike ground-state ion density was assum
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55 1839DEEXCITATION AND RECOMBINATION OF EXCITED . . .
to be 10% of the electron density. The line profile of the la
transitions was assumed to be a Gaussian and the ion
perature was assumed to be equal to the electron temp
ture. For the doubly excited levels whose captured elec
has the same principal quantum number as that of a
electron, e.g., 1s2nlnl8 levels, a precaution was taken not
double count the atomic processes via these levels.
atomic processes originating from the excited heliuml
ions were ignored because, in the present example, the m
mum electron temperature during the production of
plasma is;300 eV and populations in the excited levels
heliumlike ions are expected to be rather small.~The excita-
tion threshold of 1s2 1S–1s2p 1P of helium like aluminum
ions is about 1300 eV.!

Figure 3 shows examples of the populations of seve
excited levels calculated~a! without and~b! with the addi-
tional processes taken into account. These populations
unit statistical weight have been further divided by the he
umlike ground-state ion density and the electron density
the region ofne51024–1026 m23, i.e., the gain region for the
aluminum laser, we find no drastic change in the populatio
although in this region the rates of the DL deexcitation a
the recombination are comparable to or even larger t
those of the direct process, as seen from Fig. 2. In this d
sity region, then55 levels are almost in LTE and the dom
nant population and depopulation processes into or out of
n54 levels are collisionall changing, collisional transition
from and into then55 levels, and the radiative process. T
n53 levels are populated mainly by radiative cascade fr
higher-lying levels and depopulated by radiative decay i
the lower levels@7#. For all the cases, the collisional D
deexcitations and the recombination play only minor role

As seen from Fig. 3~b!, in the electron density region o
1026–1027 m23, the excited level populations decrease
comparison to those shown in Fig. 3~a!. In this density re-
gion, the rate coefficient of the DL processes is satura
leaving as the dominant process the recombination from
cited levels.~See Fig. 2.! This is because the recombinatio
rate coefficient is almost proportional tone in this high-
density region. Since we assume the plasma to be pu
recombining, the rapid depopulation by recombination is
compensated by the downward population flow through
singly excited levels. In the absence of the additional p
cesses, since Byron’s boundary level is 4.2, then53 and 4
levels are in the ladderlike deexcitation flow@18#. Thus the
effect of the additional process is strong for these lev
However, then55 levels are in near LTE, or strongl
coupled with the heliumlike ground-state ion, which wou
result in a slight deviation from an LTE population.

Figure 4 shows the amplification gains of several tran
tions corresponding to the assumptions used in Fig. 3.
one can see, no significant change has been brought abo
the introduction of the additional processes.

Several years ago, Morenoet al. @19# measured the line
width and the amplification gain of the 3d 2D5/2–5f

2F7/2
line of lithiumlike aluminum ions and derived a populatio
inversion of~1.260.3!31023 m23 and an electron density o
3.331025 m23. This, together with the assumptions that t
heliumlike ground-state ion density is about 331024 m23

(;0.1ne) and the 5f 2F7/2 level is almost in LTE with re-
spect to the heliumlike ground-state ions and continu
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states, leads to an estimate of the electron tempera
around 5 eV. Thus it is worth considering the lowe
temperature case. We took thereforeTe55 eV and per-
formed a calculation similar to that of the case ofTe530 eV.
Figure 5 shows the rate coefficients of the DL deexcitatio
and the recombination from the excited levels. The increa
in the rate coefficients of the DL deexcitation and the recom
bination in comparison with Fig. 2 stem from the increase
the LTE populations associated with the parent level at th
low electron temperature. Figure 6, corresponding to F
3~b!, shows the excited level populations of then53, 4, and
5 levels calculated with the additional processes include
For ne>331024 m23, the populations of then53, 4, and
even 5 levels decrease rapidly, a consequence of the

FIG. 3. Excited level populations of several excited levels
lithiumlike aluminum ions in the recombining plasma:~a! addi-
tional processes are not included and~b! additional processes are
included.
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1840 55TETSUYA KAWACHI AND TAKASHI FUJIMOTO
hancement of the recombination by at least one orde
magnitude over the DL deexcitation rate in this electron d
sity region.~See Figs. 5 and 8.! It should be noted that the
population inversions on the 3d 2D5/2–5f

2F7/2 and
3d 2D5/2–4f

2F7/2 lines atne5331025 m23 are 4.731022

and 1.531021 m23, respectively, consistent within a factor o
3 with the experimental result in Ref.@19#: The calculated
result is 2.5 times smaller than the experimental value for
3d 2D5/2–5f

2F7/2 line and 1.4 times larger for the
3d 2D5/2–4f

2F7/2 line.
We calculated the amplification gain under these con

tions; at this temperature, the line profile of the laser tran
tions is determined by the Stark rather than Doppler bro
ening. For the case of the 3d 2D5/2–4f

2F7/2 transition at
ne51025 m23, the Doppler and Stark widths derived fro
the impact approximation are 231012 and 931012 s21,
respectively@20#. For the 3–5 transitions, we have to app
the linear Stark broadening@19#, e.g., the Stark width of the

FIG. 4. Amplification gains of several lasing transitions of lith
umlike aluminum ions:~a! additional atomic processes are not i
cluded and~b! additional processes are included. The gains for
n53–5 transitions have been multiplied by 10.
of
-

e

i-
i-
-

3d 2D5/2–5f
2F7/2 is 631013 s21 atne51025 m23. Thus we

assume the Doppler broadening forne,231024m23 and the
Stark broadening forne>231024 m23. The result of the
calculated gains is shown in Fig. 7. Atne5331025 m23, the
gains of the 3d 2D5/2–5f

2F7/2 and 3d 2D5/2–4f
2F7/2

lines are 1.8 and 6.3 cm21, respectively. The former
is consistent with the experiments@3–5,19# in which
the gain coefficients wereg51.63–3.5 cm21. For

e

FIG. 5. DL deexcitation and the recombination rate coefficie
from an excited level forTe55 eV. Other explanations are th
same as in Fig. 2.

FIG. 6. Excited level populations of several excited levels
lithiumlike aluminum ions in the recombining plasma withTe55
eV. Additional processes are included.
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55 1841DEEXCITATION AND RECOMBINATION OF EXCITED . . .
the 3d 2D5/2–4f
2F7/2 line, our result is about 1.3–2.

times larger than the experimental gains of 2.56–4.5 cm21.

V. CONCLUSION

In conclusion, in the present study we have examined
effect of the three additional processes involving doubly
cited levels on the population kinetics of the singly excit
levels, by adopting rather simple approximations. There
pears to be no positive reason why the population kinetic
the doubly excited levels would not be affected by th
processes involvingtriply excited levels, which we did
not include. In view of these facts, our present conclus
should be regarded as rather preliminary. We can
conclude whether the large gains predicted for
3d 2D5/2–4f

2F7/2 transition aroundne;1025 m23 ~Fig. 7!
are real or simply a result of our inadequate approximatio
However, it is worth noting the following fact: As shown i
Fig. 6, in the region wherene.531024m23, then55 popu-
lations are larger by one order of magnitude than those
n53 and 4, whereas then54 populations are only slightly
larger than those ofn53. This means that small computa
tional errors or a radiation trapping effect on th
2p 2P–3d 2D line affect the population inversion densi

FIG. 7. Calculated gains of several transitions of lithiumli
aluminum ions with the additional processes included. The gains
the n53–4 transitions are labeled on the left-hand side ordin
and those for then53–5 transitions are on the right-hand sid
ordinate.
d

w
.
.

e
-

-
of

n
ot
e

s.

of

of the 3d 2D5/2–4f
2F7/2 transition much more than that o

the 3d 2D5/2–5f
2F7/2 transition. For example, a

ne5331025 m23, if the 3d 2D population increases by
20%, the population inversion density of th
3d 2D5/2–5f

2F7/2 transition decreases by only 2%
whereas that of the 3d 2D5/2–4f

2F7/2 transition decrease
by 50%.
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APPENDIX: CR RECOMBINATION FROM EXCITED
LEVELS

Figure 8 shows the CR recombination rate coefficie
from the ground-state heliumlike ions withzeff510. ~See
Sec. III.! In this calculation, for the electron impact excita
tion and deexcitation rate coefficients among then>6 levels,
we use the semiempirical formulas for hydrogenic ions
Sampson and Zhang@21#. The other atomic data that we use
in our model are described in Ref.@7#.

or
e FIG. 8. Calculated CR recombination rate coefficients from
ground-state heliumlike ions withzeff510 for various electron tem-
peratures.
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