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Deexcitation and recombination of excited ions through doubly excited levels
in a dense recombining plasma: Lithiumlike recombining plasma laser
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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-radig@® 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 thed®D-5f 2F and 3 2D—4f 2F transitions are consistent with the
experimental result§S1063-651X97)06901-9

PACS numbdis): 52.20—j

I. INTRODUCTION on the gains of the laser transitions.
When we deal with doubly excited levels of an ion, we
The recent development of high irradiance lasers makes face the difficulty of a very large number of doubly excited
possible to produce dense and hot plasmas. The use of thdswels existing with various configurations and symmetries,
plasmas in a soft-x-ray laser, a high irradiance x-ray sourcenteracting with each other and with the underlying con-
or inertial-confinement fusion research requires as good atinuum states. Constructing wave functions of all these levels
understanding as possible of the population kinetics of th@nd diagonalizing them would obviously be impractical.
ions in excited levels under the specific plasma conditionsSince our present objective is not to examine these individual
At electron densitiesr(,) of the order of 18*~10°" m~3, the  levels and their populations, but rather their effects on the
number of ions populated in doubly excited levels is substanpopulation kinetics of the singly excited ions, we shall adopt
tial, and the atomic processes involving these levels maghe following simple approximationgi) we treat a doubly
play an important role in the population kinetics of the singly excited berylliumlike ion as consisting of an excited lithium-
excited ions. One of the processes relevant in this contexike ion core and another excited electr@vhich we call the
was proposed by Fujimoto and Kdtb,2]: hydrogenlike ions  captured electrorin quasi-hydrogenic levels ar{d) we take
may be excited via doubly excited heliumlike ions that areinto account the autoionization and dielectronic capture pro-
created by dielectronic capture of the hydrogenlike ionscesses and ignore other possible interactions.
They also proposed the corresponding deexcitation process. Our present treatment may be justified as follows: We are
They named these processes ‘“‘dielectronic capture and ladoncerned with a dense plasma, and frequency inelastic col-
derlike (DL) excitation and deexcitation” and showed that lisions tend to redistribute the populations among the doubly
the processes enhanced the effective excitation and deexcitexcited levels according to their statistical weigf8% Thus
tion rate coefficients in dense plasmas. any effects arising from the characteristics of individual lev-
Moreover, in dense plasmas other processes such as thts tend to be smoothed out.
recombination of excited ions, which also involve doubly
excited levels, may also be significant. It is therefore worth
examining the effect of these additional processes on the
population kinetics of singly excited ions in dense plasmas. The DL excitation ofi—k in lithiumlike ions may be
Recently, lithiumlike aluminum ions produced in a recom-described, in the present approximation, as a series of pro-
bining plasma have been studied in soft-x-ray laser experieesses of the dielectronic capture of an electron by a lithium-
ments[3—5]. A serious discrepancy between the experimentdike ion in level i to form a berylliumlike ion in doubly
and the collisional-radiative model calculations has beerxcited level k,p), followed by the ladderlike excitation-
pointed out for the gain of the B?D—5f 2F transition ionization[9], resulting in the lithiumlike ion in levek [2],
[6,7]: the calculated gain is smaller by one or two orders ofviz.,
magnitude than the experimental values. These calculations
did not account for these additional processes. In the present AT (i) +e—A0 DT (kp)—A@ D (K p+1)
work, we examine the effects of these additional processes
on the populations of excited lithiumlike aluminum ions and —AW DYk p+2)—--—AT (K +e, (1)

II. DL EXCITATION AND DEEXCITATION
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FIG. 1. Schematic diagram of the DL excitatigthick solid FIG. 2. Thin solid and dotted lines, the principal quantum num-

arrows, core electron transitiofthick dotted arroy;, and CR re-  ber of the generalized Griem boundary or Byron boundary level for
combination of excited ions by radiatiofthin dotted downward the (3p 2P,p) and the (3 ?D,d) doubly excited levels, respec-
arrows and by collision(thin solid downward arroyv tively. DL deexcitation for the B 2P— 2s 2S (thick solid ling and

the 3 2D—2s 2S (thick dotted lin@. Thick dash-dotted line, the
wheree denotes an electron apddenotes the captured elec- "ecombination rate coefficient from an excited level. The rate coef-
tron state with its principal quantum number A schematic ficients for the_ DL de_excitation and recombination are Iabeled_ on
diagram of this process is shown in Fig.(thick solid ar- the Ieft-_hand S|_de ordinate a_nd the bour_wda_ry levels are o_n_the right-
rows). This sequence of processes represents a “virtual’hand side ordlna_te. The_ direct deexcitation rate coefficients are
contribution to the excitation—k, to be added to the ordi- SPOWn by the horizontal lineg.e=30 eV.
nary direct excitation. The effective excitation rate coeffi-

cient is approximately given as whereE. is the energy of the boundary levé{,p:), which

is measured from the energy of leviel o(i—k;E) is the
" excitation cross section extrapolated below the excitation
CDL(iak):f rq(i:k,p)dp, (2)  thresholdE(i k), v is the velocity of the incoming electron,
Pc andf(E) is the energy distribution function of electrons. In
the following the Maxwell distribution with electron tem-
wherer 4(i;k,p) is the dielectronic capture rate coefficient peratureT, will be assumed.
from i to (k,p) and p¢ is the lower end of the excitation In a recombining plasma the population in lekeis ac-
ladder.pc is given either by the generalization of Griem’s companied by populations in levek,p); the high-lying
boundary levelpg [10] or Byron's boundary levepg [11],  doubly excited levels with large are coupled so strongly
whichever is largef2,12): For the doubly excited levels ly- with the continuum statesk{-e) that the populations of
ing above k,pg), the dominant depopulation process is thethese levels are given by their local thermodynamic equilib-
collisional excitation or deexcitation, while for levels lying rium (LTE) values. The lower limit of the levels having LTE
below that, the dominant process is autoionization or radiapopulations is also given by, [12]. These populations may
tive decay. For the levels lying abové,pg) the dominant be lost by autoionizationk|p)—i+e(i<k), wherei lies
collisional depopulation process is excitation, while for theenergetically lower than levéd. The populations lost by this
levels below that it is deexcitation. In Fig. 2, the thin solid process are rapidly supplied by recombination of the lithium-
and dotted lines represent the boundary level for thdike ionsk with continuum electrons. Thus this process pro-
(3p 2P,p) and (A 2D,p) levels of aluminum, respectively. vides an indirect or virtual contribution to deexcitation, the
T.=30 eV has been assumed. FRe=10?" m ™3 pcis given DL deexcitation, to be added to the ordinary direct deexcita-
by pg, while for higher densities it is given bgg (=4.2)  tion. The DL deexcitation rate coefficieRty (k—i) is re-
[12]. Since the dielectronic capture cross section across thiated toCp (i—k) by the principle of detailed balan¢&]
excitation threshold to the excitation cross section is a con-

tinuous function of energy, Eq2) can be approximated as FoL(k—i)=9g(i)/g(k)Cp(i —k)exd E(i,k)/KTe]. (4)
Ei k) It is noted that Eq(4) is exactly the same as the relation
CDL(i_)k):f ' o(i—k;E)f(E)v dE, ©)) holding for the rate coefficients for the ordinary direct exci-
Ec tation and deexcitation processes.
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We include the DL excitation and deexcitation for the tion of the parent levek is less than 10% fol =30 eV. It
n=2-3, 2-4, 2-5, and 3-5 transitions and themay be concluded that the contribution from the core elec-
2s 2S-2p 2P transition of lithiumlike aluminum ions, tron transition is rather insignificant.
where n is the principal quantum number. The excitation In the above, we have expressed the core electron transi-
cross-section data have been calculated by Zhang, Sampsdion as an enhancement of the transitibr-i. However,
and Fonteq13] for the transitions from the ground state since the LTE populations associated with the parent level
(2s ?S) and the D 2P level, and for other transitions; the are strongly coupled with this level, the core electron transi-
cross sections have been calculated in the distorted-wave atien may be interpreted as an effective enhancement of the
proximation, the details of which are given in REt4]. populationn(k) of the parent levek. The degree of en-

In Fig. 2, the thick solid and dotted lines show thg  hancement depends on the parent level.
dependences of the DL deexcitation rate coefficients for the A third process to be considered is a multistep transition
2s 2S-3p 2P and X 2S-3d °D transitions, respectively, involving the captured electron, a process similar to the stan-
which are calculated from Eg€3) and(4). The direct colli-  dard collisional-radiativéCR) recombination process, estab-
sional deexcitation rate coefficients of these transitions arlished for the ground-state iof&2,16. Its essential feature
given by the horizontal lines. As the electron density in-in the present context is that the populations of the high-
creases, the generalized Griem boundary level is lowered arging levels ,p), which are in LTE with respect to the level
the DL deexcitation rate coefficient increases. Rgr-10?° K, are lost by deexcitation of the captured electmnThe
m~3, the rate coefficients of the DL process become largemechanism of the CR recombination is summarized as fol-
than those of the direct process. F>10"" m™3, the DL lows. In the low-density region gbs>pg [in this descrip-
deexcitation rate coefficients become constant; this is betion, we usep in place of k,p)], the CR recombination rate
cause, in this regiorp. is given bypg and is independent of is the sum of the direct radiative recombination rate to levels

Ne. g<p¢ and the radiative cascade rate from the leyelspg
to these low-lying levelsy. In the high-density region of
Ill. CORE ELECTRON TRANSITION pe<pg the rate is determined by the mutlistep ladderlike
AND CAPTURED ELECTRON TRANSITION deexcitation flow _orlg_lnatlng frqm the start_ of the Iad.qh@r;
(CR RECOMBINATION FROM EXCITED IONS ) the CR recombination rate is approximately given by

n(pg)F(Pg.pPg—1)ne, Wheren(pg) may be approximated
In addition to the DL processes, we consider another proby the LTE population(See Figs. 5-7 and 10 in R¢fL2].)
cess involving doubly excited levels: The radiative or colli- In the following we approximate the CR recombination rate
sional deexcitation of the core electrda ) —(i,p) +hv or  coefficient for excited lithiumlike ions by that for the
(k,p)+e—(i,p)+e (i<k) from a level withp>ps may ground-state heliumlike ion with effective core charge
enhance the transitiok—i because these doubly excited z.z=10 (nuclear charge 12 In the first example treated in
levels are strongly coupled with the parent and continuunSec. IV, the density region corresponds to the case of
states.(See the thick dotted arrow in Fig.)lIf we approxi- pg>pg (see Fig. 2 and the CR recombination rate coeffi-
mate the radiative decay probabiliy,,{k—i) and colli- cient will depend on the details of the ionic states and the
sional deexcitation rate coefficieRt,, {k—1i) of the transi-  energy-level structure of the doubly excited ions. Therefore,
tion (k,p)—(i,p) using the corresponding rate constants forour approximation may slightly over- or underestimate the
the lithiumlike ions,A(k—i) andF(k—1i), respectively, we actual rate coefficient. On the other hand, in the second ex-
may express the effective rate as ample, sincgpg<pg (=9.5), the rate coefficient will be in-
sensitive to the details of the energy-level structure in the
mit energy range lower thapy . In this case, our estimate should
n(k,p) redp Ak—1), G pe faﬁ%y acgcurate. P
In Fig. 2, the thick dash-dotted line represents the rate
coefficient of the CR recombination from the ground-state
heliumlike ions withz.4=10. We include in our CR model
code the core electron transitions amongrnke5 levels and
the CR recombination from levels with=<8.

Atk = [

Pc

and a similar relationship holds foF.,{k—i). Here
n(k,p) e denotes the LTE population with unit population
density in levelk and py,;; is determined by “the ionization
potential lowering.” For hydrogen atoms, Shimamura and
Fujimoto [15] introduced an ion sphere model with the ra-

; _ 1/3 ; L
d|usg—(3f/4/;]m% agdlder;ved that the “F;]pe_”g“(')t arg;'gthe IV. CALCULATION OF THE EXCITED LEVEL
number of the bound levels were given hy=(2.0x1 POPULATIONS AND THE GAINS FOR A LITHIUMLIKE
m~¥ng)Y® and Np, = (1.7x10%° m~%n,) Y2 respectively.
. oun . e ALUMINUM ION LASER
We scale the radius; by ng/z, i.€., Pimic 1S €Xpressed as
(2.0x10%° z4; m3n)¥®, wherez (=10) is the effective We took into account these three additional processes into

nuclear charge of the berylliumlike aluminum ions. The in-our CR model cod¢7] for lithiumlike ions and we calcu-
tegral in Eq.(5) takes into account the LTE populations of lated the populations and gains for a lithiumlike aluminum
the doubly excited levels associated with the ldvef lithi- ion x-ray laser scheme. We assuifig=30 eV, which is a
umlike ions. Since the number of doubly excited levels andypical temperature derived from hydrodynamics simulation
the population of each level in LTE are proportionah'[g)l’2 for the laser-produced aluminum plasi®4,17, and that
andn,., respectively, the integral in E() is proportional to  the plasma is in the recombining plasma scheme, i.e., the
nl’2. In the electron density region of,<10’’ m 3 the excited level populations are created only from heliumlike
fraction of the LTE populations with respect to the popula-ions. The heliumlike ground-state ion density was assumed
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to be 10% of the electron density. The line profile of the laser 10°2®
transitions was assumed to be a Gaussian and the ion tem-
perature was assumed to be equal to the electron tempera-
ture. For the doubly excited levels whose captured electron
has the same principal quantum number as that of a core
electron, e.g., 8°ninl’ levels, a precaution was taken not to
double count the atomic processes via these levels. The
atomic processes originating from the excited heliumlike
ions were ignored because, in the present example, the maxi-
mum electron temperature during the production of the
plasma is~300 eV and populations in the excited levels of
heliumlike ions are expected to be rather smdihe excita-

tion threshold of 32 1S—1s2p P of helium like aluminum
ions is about 1300 eV.

Figure 3 shows examples of the populations of several
excited levels calculateth) without and(b) with the addi-
tional processes taken into account. These populations per
unit statistical weight have been further divided by the heli- T T T
umlike ground-state ion density and the electron density. In 10%2 102 102 102 10%°
the region oh,=10*-10*® m~3, i.e., the gain region for the electron density (m™)
aluminum laser, we find no drastic change in the populations,
although in this region the rates of the DL deexcitation and 107 T T T

T T T T T T T T T—T-TTTH

i T

n(p)/ig(p)n,n] (m?)

the recombination are comparable to or even larger than (®)
those of the direct process, as seen from Fig. 2. In this den-
sity region, then=5 levels are almost in LTE and the domi-
nant population and depopulation processes into or out of the
n=4 levels are collisional changing, collisional transition
from and into then=5 levels, and the radiative process. The
n=3 levels are populated mainly by radiative cascade from
higher-lying levels and depopulated by radiative decay into
the lower levels[7]. For all the cases, the collisional DL
deexcitations and the recombination play only minor roles.
As seen from Fig. @), in the electron density region of
10°°-10°" m™3, the excited level populations decrease in
comparison to those shown in Fig(aR In this density re-
gion, the rate coefficient of the DL processes is saturated,
leaving as the dominant process the recombination from ex-
cited levels.(See Fig. 2. This is because the recombination
rate coefficient is almost proportional t, in this high- ) ST R B B B
density region. Since we assume the plasma to be purely 102 107 10%* 10%° 10%
recombining, the rapid depopulation by recombination is not electron density (m*)
compensated by the downward population flow through the
singly excited levels. In the absence of the additional pro- FIG. 3. Excited level populations of several excited levels of
cesses, since Byron’s boundary level is 4.2,1tke3 and 4 |ithiumlike aluminum ions in the recombining plasmé&) addi-
levels are in the ladderlike deexcitation flgd8]. Thus the tional processes are not included afixl additional processes are
effect of the additional process is strong for these levelsincluded.
However, then=5 levels are in near LTE, or strongly
coupled with the heliumlike ground-state ion, which would states, leads to an estimate of the electron temperature
result in a slight deviation from an LTE population. around 5 eV. Thus it is worth considering the lower-
Figure 4 shows the amplification gains of several transitemperature case. We took therefofe=5 eV and per-
tions corresponding to the assumptions used in Fig. 3. Aformed a calculation similar to that of the caseTf=30 eV.
one can see, no significant change has been brought about Bigure 5 shows the rate coefficients of the DL deexcitation
the introduction of the additional processes. and the recombination from the excited levels. The increases
Several years ago, Morera al. [19] measured the line- in the rate coefficients of the DL deexcitation and the recom-
width and the amplification gain of thed3’Dg,—5f ?F,, bination in comparison with Fig. 2 stem from the increase in
line of lithiumlike aluminum ions and derived a population the LTE populations associated with the parent level at this
inversion of(1.2+0.3)x10?® m2 and an electron density of low electron temperature. Figure 6, corresponding to Fig.
3.3x10%®° m~3, This, together with the assumptions that the3(b), shows the excited level populations of the 3, 4, and
heliumlike ground-state ion density is aboukB0?* m~2 5 levels calculated with the additional processes included.
(~0.1n,) and the 5 2F,, level is almost in LTE with re- For ng=3x10** m~3, the populations of the=3, 4, and
spect to the heliumlike ground-state ions and continuuneven 5 levels decrease rapidly, a consequence of the en-

-
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FIG. 4. Amplification gains of several lasing transitions of lithi-
umlike aluminum ions{a) additional atomic processes are not in-

cluded andb) additional processes are included. The gains for the

n=3-5 transitions have been multiplied by 10.

hancement of the recombination by at least one order of
magnitude over the DL deexcitation rate in this electron den-

sity region.(See Figs. 5 and Blt should be noted that the
population inversions on the d3?Dg,—5f 2F,, and
3d 2Dg—4f 2F,, lines atn,=3x107° m 3 are 4.7 107
and 1.5<10?* m™3, respectively, consistent within a factor of
3 with the experimental result in Ref19]: The calculated

result is 2.5 times smaller than the experimental value for the

3d 2Dg,,—5f ?F,, line and 1.4 times larger for the
3d 2Dy~ 4f 2Fp, line.

We calculated the amplification gain under these condi-
tions; at this temperature, the line profile of the laser transi-
tions is determined by the Stark rather than Doppler broad-

ening. For the case of thed3?Dg,—4f 2F-, transition at
ne=10 m~3, the Doppler and Stark widths derived from
the impact approximation are>20 and 9x10'? s %,
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FIG. 5. DL deexcitation and the recombination rate coefficient
from an excited level forT,=5 eV. Other explanations are the
same as in Fig. 2.

3d 2Dg—5f 2F,,is 6x10°% s tatn,=107° m3. Thus we
assume the Doppler broadening fr<2x 107 m™2 and the
Stark broadening fon,=2x10** m~3 The result of the
calculated gains is shown in Fig. 7. Af=3x10?® m3, the
gains of the 8 ?Dg,—5f ?F,, and 3 2Dgy—4f 2F4)
lines are 1.8 and 6.3 cm, respectively. The former
is consistent with the experimentg3-5,19 in which
the gain coefficients wereg=1.63—-3.5 cm’. For
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FIG. 6. Excited level populations of several excited levels of

respectively{20]. For the 3-5 transitions, we have to apply lithiumlike aluminum ions in the recombining plasma with=5
the linear Stark broadenirld 9], e.g., the Stark width of the eV. Additional processes are included.
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FIG. 7. Calculated gains of several transitions of lithiumlike

aluminum ions with the additional processes included. The gains for
the n=3—-4 transitions are labeled on the left-hand side ordinate FIG. 8. Calculated CR recombination rate coefficients from the

and those for thex=3-5 transitions are on the right-hand side ground-state heliumlike ions with.;=10 for various electron tem-
ordinate. peratures.

the 3d 2Ds,—4f 2F,, line, our result is about 1.3—-2.3 of the 3d ?Dg,—4f 2F4, transition much more than that of
times larger than the experimental gains of 2.56—-4.5tm the 3d 2Dg,—5f 2F;, transition. For example, at
ne=3x10%® m~3 if the 3d °D population increases by

V. CONCLUSION 20%, the population inversion density of the

o _ 3d 2Dg,—5f %F,, transition decreases by only 2%,
In conclusion, in thg present study we have_ examined thnereas that of the ® 2D 4f 2F., transition decreases
effect of the three additional processes involving doubly ex+y,, 5004

cited levels on the population kinetics of the singly excited

levels, by adopting rather simple approximations. There ap-

pears to be no positive reason why the population kinetics of ACKNOWLEDGMENT

the doubly excited levels would not be affected by the , . .
processes involvingriply excited levels, which we did  1his work was partially supported by RIKERspecial
not include. In view of these facts, our present conclusiorPostdoctoral researchers progjam

should be regarded as rather preliminary. We cannot

conclude whether the large gains predicted for the ,ppenpix: CR RECOMBINATION FROM EXCITED

3d 2Dg,—4f 2F-, transition arounch,~ 107 m~2 (Fig. 7) e

are real or simply a result of our inadequate approximations.

However, it is worth noting the following fact: As shown in Figure 8 shows the CR recombination rate coefficients
Fig. 6, in the region whera,>5x10°*m ™3, then=5 popu-  from the ground-state heliumlike ions withs=10. (See
lations are larger by one order of magnitude than those oBec. Ill) In this calculation, for the electron impact excita-
n=3 and 4, whereas the=4 populations are only slightly tion and deexcitation rate coefficients amongrbet levels,
larger than those ofi=3. This means that small computa- we use the semiempirical formulas for hydrogenic ions by
tional errors or a radiation trapping effect on the Sampson and Zharj@1]. The other atomic data that we used
2p 2P-3d 2D line affect the population inversion density in our model are described in Ré].
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