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Population kinetics on Ke lines of partially ionized Cl atoms
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A population kinetics code was developed to analze emission from partially ionized chlorine atoms in
hydrocarbon plasmas. Atomic processes are solved under collisional-radiative equilibrium for two-temperature
plasmas. It is shown that the fast electrons dominantly contribute to ionizi€-ghell bound electroné.e.,
inner-shell ionizatiop and the cold electrons to the outer-shell bound ones. RatidSaofines of partially
ionized atoms are presented as a function of cold-electron temperature. The model was validated by observa-
tion of the Ka lines from a chlorinated plastic target irradiated with 1 TW Ti:sapphire laser pulses at 1.5
X 107 Wicn?, inferring a plasma temperature of about 100 eV on the target surface.
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[. INTRODUCTION lution of the K« yield from AlI’*, and Rousset al. ratios
for the K emission of AP* to coldKa.

The physics of ultrashort laser pulses with dense plasma As described above{« emission from partially ionized
interaction is of wide interest because of its close relevancatoms is expected to be useful for the investigation of not
to challenging researches on femtosecond x-ray radiatiofnly fast-electron properties but also cold bulk-electron ones.
probing[1], energetic particle acceleratiof], and inertial Outer-shell bound electrons of atoms are collisionally ion-
confinement fusion(ICF) [3]. In the experimentsK-shell  ized mostly by bulk electrons, and inner-shell bound ones by
line spectroscopy is one of the standard diagnostics of hd@st electrons. Consequently, the resultéiat emission can
dense plasmas. Line radiation from highly ionized tracersP€ seen between the primakj and corresponding He
such as those from hydrogenlike and/or heliumlike Ar and!iNes. Energetic electrons propagate in a cold dense region

their satellite lines, are used to deduce temperatures and defd deposit their energy to the bulk plasma. In this case,

sities of compressed plasmié—6]. Properties of higher- f—:-le_ctrons with approximately two different temperatures ex-
order satellite lines[Ar'>":1s2nl’ —1s3Inl’(n=4,5.6)] ist in the plasma. The idea of a non-Maxwellian distribution
were studied theoretically to examine their contribution tohas long been considergths, 17 Anur_ne_ncal code has been
corresponding He [7—10. In relevance to the fast ignition developed for the study of '.NKa emission by MacFarlane

h to ICE3]. it h .b h thit S et al. [18], but that was for intense proton beams, and free
zplfsrg]‘ftﬁ diggng[sti](': Ime?j?unfef}(r)]rser?ggetic :Iee(:rt?{)sl']s]lsolnzls electrons of a single Maxwellian distribution were assumed.

> In this study, we developed a population kinetics code
In contrast to this approach, measurement of x-ray absorRyith g pi-Maxwellian temperature distribution. It is shown

tion and/or _emission from partially ionized plasmas is alsonat K o emission is available to diagnose cold plasma tem-
useful, particularly for dense but low-temperature plasmasperature. After describing the model adopted in the code, we

Chenais-Popovicst al. studied the absorption spectroscopy will show a simple analysis of experimentally obtainéd
of partially ionized Al and CK « lines[13]. They measured emission.

absorption spectra of these lines and analyzed them numeri-
cally with the use of a one-dimensional Lagrangian code
combining an average-atom model for population calcula-
tions. In that work, they also developed a detailed The emission energies and radiative decay rates were ob-
collisional-radiative model. This model was, however, appli-tained with the use of a multiconfiguration Dirac-Fock
cable only to the atomic ground state and the first two resoatomic code GRAsSP [19]. Figure 1 shows the resultant
nance levels for 82(2s+2p)N (N=0-7). Burnettetal. radiative decay rates df« lines from various ionization
[14] and Rousseet al. [15] measured AlK« spectra, and states of Cl atoms. For €1-CI**", we considered the
found that fast electrons carried about 10% of the incidenK« transitions assuming their outermost bound electrons
laser energy. In their studies, Burnettal. used a time evo- are not excited (namely, Clt":1s25?2p%3s23p°®
—1s%2522p°3s?3p°, ..., CI¥":1s2s?2p—1s22s?). For
CI***, only transitions associated withs2s2p state were
*Present address: Gesellschaft®chwerionenforschung, Planck- considered. The primafg« (CI™) transitions are distributed
strasse 1, D-64291 Darmstadt, Germany, FAX49-0)6159- in the range of about 2622-2628 eV. Energy differences
713714; email address: t.kawamura@gsi.de from the primaryKa can be seen according to respective

Il. Ka LINES FROM PARTIALLY IONIZED ATOMS
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Emission Energy(eV) where R.¢ means any of rate coefficients for collisional

excitation/deexcitatiorCe/Deg, collisional ionizationl o,
FIG. 1. Radiative decay rates for thea lines of Cl atoms ijnner-shell ionizatior {®', radiative recombinatioR, or
calculated bycrAsP. The hatched bars on the left-hand side showdig|ectronic recombinationgﬁ. In the case of three-body
; +
primary Ker (CI7). recombinatioriR3;, however, two free electrons have to be
taken into consideration. According to R¢R23], the three-

charge states. ThEa lines from He-like to O-like Cl are oy recombination rate for an arbitrary electron energy dis-
well separated from the primary ones, and those from Negihytion f(E) was obtained as follows:

like to S-like Cl are merging into each other. TKe lines of

F-like CI make a wing of the primary ones in the blue side. ab, 5 h® g, o
To estimate the net intensity &f« emission, Auger tran- Re(zi)=Neg——=——¢; J ,02,i(E1)
8mmg 7+ 1 13

sitions are very important, sind€« emission is affected by
the competition between radiative and Auger processes. Cal-  F(E,)f(E;—Eyp—| ,)

culation of Auger rates was done with the use of an atomic > fEr'fh 271 m2

code developed by Fritzscle al.[20]. In Fig. 2, calculated 0 EYAE,—E,—1P)12

Auger rates and the corresponding fluorescence yiel#saof

emission are given. Thi€LL-Auger is the most predominant X dE,dE,(1/seg, ©)
process of all Auger transitions because electron correlation i ) )

within the L shell is very effective. It is found that the fluo- Whe_re N, is a total electron _den_sn)fZ,i is _the number _of
rescence yields for CI-CI*** are about 0.1. They have equivalent bound electrons ,|n théh shell in a state with
more Auger channels than the autoionization state 6t'Cl lowered ionization potentidl}, , g,; andg,,; are the de-
(1s2s2p), for which fluorescence yield is about 0.5. generacy of a state after/before recombination, apdE)
stands for the collisional ionization cross-section of leviel

a charge state. For o, ;(E), we adopted a formula that can
be obtained from Ref.24],

Ill. DESCRIPTIONS OF AN ATOMIC MODEL

The free-electron distributioR (E) 5, is assumed to be a R
bi-Maxwellian distribution consisting of the cold bulk com- Q(E)

(E)=
ponentF (E) k. and the high temperature oR€E).q 72i(E) a2l e
T 1+ o ENG P2
F(E)ar=(1—h)F(E)pukt hF(E)asy (N « 10-18(cnP) @
where h stands for a fraction of fast electrons, namély, \yhere
= Ngfast!/ (Nefast™ Nepu)» Where Nggs: is @ density of fast
electrons andNgg, is that of cold electrons. Cold electrons p’ P\ _
. . > e In(E/IP)) (E/lq)—1
in bulk plasma play a role in outer-shell ionization, and fast QR(E)=2.284 — +2.023 ,2
electrons mainly in th&-shell ionization. E/I (E/NP)
Except AugerA, and radiative decay\, for miscella- o
neous atomic transitions, rate coefficients are composed of (E/Mp)—
two free-electron components. In the framework of a bi- —1.699 (E“pl’)B (cnr). ®)
n

Maxwellian distribution, effective rate coefficieni®y; are

obtained as follow$16,21,22: For the inner-shell ionization rates of thkeshell bound elec-

trons, the formula derived by Sampsenal. [25—-27 was
Reﬁ:(l_h)Rbulk+ hRfast (llseO, (2) adopted,
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1€ nl)=Ngma3 8Te)™__n Ag [S2D(nhexp(—y)— Soyd(nl)Es(y)
™| T |\ Zoinng,) fenYLSo y) = Soy sy
HA(D +Sey[c(nl) = 2S,D(ND T} E4(y) +Soy{SeD(nl) +d(nl) —c(n)}E,(y)](1/seo, (6)
|
where relevant worl 28,29. The other rate coefficients for the out-
. ermost bound electrons of the atomic states considered here
y=1P/Te, (7)  can be found in Ref.7].
Figure 3 shows the model of population kinetics treated in
So=1 rql'/| p. (8) this paper. In this model, since the fraction of fast electrons is

expected to be very small compared with that of bulk ones,
IP, stands for the ionization potential of an isolated ate, populations of 3-holed ions are assumed to be small. There-
is the Bohr radius, ani,(y) is an exponential integral. The fore, the atomic transitions from these atoms to the corre-
empirical coefficientsA(nl), D(nl), c(nl), andd(nl) for  sponding ground states or singly excited states may be neg-
eachnl orbital in the above formula can also be obtainedligible when the populations of ground states or singly
from their papers. The effective chargex(nl) for a bound excited states are estimated. Namely, the rate equation can be
electron innl orbital up ton=6 can be estimated from their separated into two blocks,

dN(z,i o ; i j—i j
((1t ):j<z<i) Ceﬁ(J%')N(Z’J)—Fj(Zi) {De(j—1)+A(J—1)IN(z,])

— E) Ceit(i—1)+ 2 Dei(i—i)+ > A(i—])|N(zi)—le(zi)N(z,i)+ R¥(z,i)N(z+1,0)
j(>i j(<i) j(<i)

J(>i

—IgE(ZDN(Zi) 81+ 2 {le(z— L)IN(z— 1)) = R¥(z— 1j)N(z,1)} 8,=0, 9
J

where the atomic transitions from sholed ions are bound electron is estimated with the use of the screened
neglected. This equation was solved in the framework ohydrogenic model, includingl spliting developed by
the algorithm published by Led30]. In the above Perrot[31]. The other oscillator strengths, except those
formula, R¥(z,i) includes three body, radiative, and associated wittK« transitions, are based on a formula in
dielectronic recombinations. The atomic energy levelsRef.[32].

for singly excited states up to principal quantum number The rate equation for the ground states sfhbled ions
n=10 were considered. Binding energy of the outermosiN*(z,1) may be described as follows:

dN*(z,1)

e et z— 1, ))N(z—1,1) — (AR + AYN* (2,1) = | oz DIN* (2,1) +{R3(2,1) + RL(z. D) IN* (z+1,1)

Hleg(z— LYN* (z—1,2) —{R®(z— 1,1 + Rlx(z— 1,1)IN* (2,1) =0, (10)

where AX® means a radiative decay rate accompaniedsublevel are determined by LTE, i.e., the Boltzmann distri-
with Ka emission, andA, stands for an Auger decay rate. bution.
In population calculations, split sublevels associated with

a total angular momentum quantum numhkrare com-

bined together and are treated as a degenerate single level.In this section, we demonstrate availability Kt emis-
When we use resultant populations for evaluatihg inten-  sion by some numerical model calculations under collisional-
sities in the framework ofGRASR the populations of each radiative equilibrium(CRE).

IV. NUMERICAL SIMULATIONS
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Recombination & 1 Recombination & FIG. 5. Population distribution of partially ionized Cl atoms at
lonization Y ! Tras= 100 keV withh=0.01.(a) Ground and singly excited states.
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FIG. 3. Model of the population kinetics forsiholed atoms. Figure 4 shows the total average ionization sfbg?é;" of

dopant Cl atoms. Plasma is assumed to consist of CHCI. The

16 number of a fraction of fast electrons is 1% of all free elec-

TN T — ] trons. The total ion densit\N; is 1.5X10?2 cm 2 corre-
2 Fraction of ns sponding to near solid density. It is seen that Hg' is
12 E 52/05 ————— k strongly affected by bul_k-plasma temperatdig,,, but not _
] (1)4:; - ] by fast-elegtron properties such as temperature land fraction.
2 : J As shown in Fig. 4a), because of the small fraction of fast

electrons, its contribution to the average ionization state is
small. Useful diagnostic range of thea emission for CI

Average lonizaiton State
=]
1

Kk atoms derived from our analysis is about 30V

] <200eV. ForTy, =200 eV, theK-shell resonance lines

4F lon Density:1.5X102%c m™ 7 and their lithiumlike satellite lines may be more useful for
C:H:Cl=1:1:1 E the spectroscopic observation. Figur@)4showsZ% as a

Fast Electron:100keV .

] function of fast-electron temperature for plausible bulk tem-
0101 ettt "1'(')2 E— 10° peratures. For example, &t =75 eV or 100 eV, the ma-
Bulk Electron Temperature(eV) jority of ions are _C‘f+ or C_I9+. Since the corresponding
(a) ground states or singly excited states are dominant over the
population, the populations of €l (1s2s?2p®) and CI*
9.6 r——rrrrr r—r—r—rrrvr (1s2s?2p*) are mainly created by th&-shell inner-shell
B Ni=1.5X10?%c m'% ionization. The K-shell inner-shell ionization energy for
9.5 ECH:Cl=1:1:1 ] CIB":1s228%2p°—CI°":152s22p°, and CP™:1s22s%2p*
9.4 |- Bulk:Fast=99:1 —CI'%*:1s25%2p* processes are, respectively, about 3053
£ 93 C Bulk Electron:100eV 4 eV and 3130 eV from the calculation. Thus, B8 shows
& 108 10* 10° a small peak around this energy range. In the cas&,gf
c 8.3 —r—rrrrr—r—r—r—rrrry =50eV, the majority of ions are €I or CI'*, and the
2 - Ni=1.5X102%c m& corresponding-shell ionization energies are less than those
g 82 — 111 ] of CI* or CP*. Therefore, the round peak in this curve is
5 8.1 [ Bullcrasteos: located at a little lower temperature than those Tay
° 8.0 - Bulk Electron:75eV ™ =75eV and _100 eV. S
= R 10° 10° Figure 5 gives the abundgnce of each |o.n|zat|.0n state at
5 6.9 S et Tras= 100 keV. The population of ¢holed ions is very
2 Ni=1.5X10%%c m small compared with the corresponding ground state and/or
6.8 singly excited state ions. Actually, the ratio between both of
6.7 :gul-llkcll:j«st1—9191 them is at most1s-holed iong/(ground state and singly ex-
:Fast=99: . ) g .
- Bulk Electron:50eV ~—_ _(:lted_staj[e ions~10" >, and the charge states of dominant
5-6103 ek "1'04 . 10° ions in Figs. %a) and 8b) may be related with each other as
Fast Electron Temperature (eV) follows:
(b) Ztotalx Zbulk% le—holedi 1 (11)
FIG. 4. Average ionization state of partially ionized Cl atoms. e e e ’
(@) Z9% at Ty,e= 100 keV withh=0, 0.01, and 0.05(b) Z%' for
Touk= 100, 75, and 50 eV witih=0.01. where Zg\‘jt'ek means the average ionization state of bulk
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plasma an@25."*"*is for 1s-holed ionsN* (z,1). Therefore, lon tDEPSi:y:L'S‘I)(()})?(zz\(; m®
it is expected that th&'9'% is obtained via thez1s "', 10

In our present model, only ground states sftoled ions
are included. As long as the fraction of fast electrons is very
small compared to that of bulk electrons, the approximation
for the Ka emission by the product of the rate of tKeshell
ionization of the ground-state populations and the fluores-
cence yield, where the ground-state populations are obtained
from Eq. (9) without Eq.(10), may work well. Actually, the
ionization and/or recombination between the ground states of
1s-holed ions do not affect the ground-state populations of

5%/1%
CI'* |- 29%/1%

C|12+

Intensity Ratio
-b
<

1s-holed ions so much. However, th€a emission from SSSxa.o

excited states may overlap with those from low-lying atomic T SSSESEmmm==n
states of the next ionization staf@8]. When the excited 10° —l .

atomic states of 4-holed ions are included, not only bound- 50 100 300

bound transitions within the same ionization state of Bulk Electron Temperature(eV)

1s-holed ions but also ionization and/or recombination be- .~ ¢ Intensity ratios oK & emissions from the same ioniza-
t\Neer_1 e_XC't_ed $-holed ions and ground-sta_te on_es_of _thetion states but two different fast-electron fractiohs at Ty,
next ionization state, may affect the population distribution._ 199 kev. Solid lines, intensity ratios of the respective lines for
Equation(11) simply shows the estimation without making h=0,05 toh=0.01. Broken lines, intensity ratios fdr=0.02 to
any distinction between detailed atomic states. From thg=g o1.
viewpoint of the average ionization state, as long as the frac-
tion of fast electrons is small, E¢11) may be valid. Osaka[33]. This laser provides energy of 50 mJ per pulse at

To deduce plasma temperature, taking intensity ratios behe center wavelengtk of 800 nm at a 10 Hz repetition rate.
tween twoK« emissions for different charge states is moreThese pulses were focused with &8 off-axis parabolic
convenient. Regarding the role i emission from excited mirror onto a target at normal incidence with a focal spot
states, MacFarlanet al. [18] suggested thaKa emission  diameter of 15um including 80% of an incident energy. The
from excited states, for example, F-like Al iofisamely,  pulse duration was 130 fs. These conditions yielded a laser
Al*":1525%2p°31 —15%25°2p*3l  (I=s,p,d)] overlapped intensity of 1.5< 10" W/cn?. The target was a 20@m
Significantly with those from IOW-Iying states of O-like Al. thick po]yviny]cmoride (QH3C|) sheet mounted on a rotat-
Although our calculation does not include thex emission  ing table to provide a fresh surface for every shot. The den-
from the corresponding excited states, we will apply oursjty of the sheet was 1.4 g/cc. X-ray spectra from the target
code to deduce bulk-plasma temperature by taking severglere observed with a two-dimensionally curved, crystal
combinations of intensity ratios between different chargespectrograph. The bent crystal was a quartz with meridional
states. The results are described in Sec. V. curvature radius of 200 mm and sagittal curvature radius of

In addition, fractional fast electrons in the electron distri- 178 mm. It was used if10-1-1) reflection and set 1162 mm
bution are also important to determine plasma propertiesaway from the target. The meridional direction includes the
Figure 6 gives sensitivity of the line ratios on the plausibledispersion plane. Resultant image magnification was 1/8.
fractions. The solid line shows the comparison betwhen X-ray spectra ranging from 2583 to 2883 eV in emission
=0.05 andh=0.01, and the broken line betweér=0.02  energy were recorded with a cooled, back-illumination
andh=0.01. Here, fouK lines of CF* to CI** are con-  charge-coupled devic€CCD) detector. Spectral resolution
sidered. It is found that, even though the fraction of faste/de (hereeis the x-ray photon energiyvas better than 10
electrons is very small, the population o$-holed ions can  The observation angle was 45° from the target normal. In
be noticeably affected, particularly,, <200 eV. There- order to obtain clear signal on CCD, typically“i§hots were
fore, explicit derivation of the fast-electron fraction is indis- needed.
pensable.

B. Results and discussions

V. COMPARISON WITH EXPERIMENTAL RESULTS Figure 7 shows a typical spectrum from the laser pro-

The results of model calculation were compared with ex-duced GHsCl plasma, and comparison with the code calcu-
perimentally obtained CK« emission. First, experimental Iatlon.zln é:'g-z Kag, It Is seen t?atzthdaéa emissions of Ci
conditions and a typical spectrum are described, then thelS2S72p~3s°3p°—1s°25°2p”3s°3p°) to CI™" (1s2p

: _ 2 o :
results are plotted on the curves of line ratios to deduce~1S”) are lying in the region of about 2600-2800 eV. The
plasma temperature. Ka emissions of Ci* to CB* completely overlap with the

primary one (Cf), showing a wide unresolved line-shape
AS ‘ i feature.
- Setup of experiments Figures Tb) and 7c) show calculated line ratios as func-

Experiments were carried out with the use of Ti:sapphiretions of bulk-electron temperature for two differdrdg. Also,
laser system named T6 at the Institute of Laser Engineeringgxperimental line ratios are plotted on the calculated
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FIG. 7. Time- and space-integrated spectrum obtained from the experiment, and comparison of the result with code cd®ulation.
Experimental spectrunib) Comparison of the experimental and numerical resulthife0.01.(c) Same agb) but for h=0.05.(d) Same as
(b) but for N;=6.0x 10?2 cm™3, andh=0.02.

curves. Plasma densityN; is assumed to be 1.5 tures for Figs. {b) and 7c) are obtained to be 968 eV (for

X 10?2 cm 2. Due to difficulty in isolation of (1" K« line  h=0.01) and 86-8 eV (for h=0.05, respectively. The dif-
from the integrated primary one (C-CE"), intensity ra- ference between them appears to be small. However, it may
tios are taken with respect to the'€l. According to nu- be expected that the determination of a fast-electron fraction
merical predictions with particle-in-cell cod¢84—-36, the is important when an individual line shape kfx emission
fraction of fast electrons is at most a few percent of all freeincluding corresponding satellite lines has to be taken into
electrons. From Refd37,38, the temperature of fast elec- consideration. Th& « lines from the excited states can over-
trons is approximately estimated by th& B ponderomotive lap with those of the next ionization statg$8], and the
model: TiasikeV)=mec?[V1+7.28x10 (1A% —1], fractional fast electrons may contribute to, for example, the
where IN? is in units of Wem?um?. Recently, Okihara inner-shell excitations: $2s?2pN— 1s2s?2pnl. Treat-

et al. have studied experimentally and numerically the tem-ment of the excited states is undertaken.

perature of fast electrons produced by an intense laser pulse According to the paper recently published by Andiehl.

with the use of T6 laser system, and obtained a higher tenf40], they measured time history of A« emission under
perature than that predicted by the equafid8]. They sug- the same experimental conditions as ours. Despite 150 fs
gested that this increase may be due to some additionalltrashort pulses at 790 nr,o emission with a duration of
mechanisms like a wakefield acceleration in preformed ps was obtained. This evidence may indicate that the ef-
plasma onto a simple ponderomotive force. According tofective heating time of background plasma due to fast-
their result, T¢,s; may be about 40 keV for our experimental electron propagation is close to 4 ps, which is much longer
condition. By using thisl;,, average bulk-plasma tempera- than the pulse width. Therefore, the heating time of several
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picoseconds may be regarded as a critical characteristic time VI. CONCLUSION
that may govern the atomic processes in our experiment. For A rate equation solver specified for the analvsis of chlo-
example, atN;=1.5x 1072 cm™ 3, Tyq=40 keV (h=0.01), quat Ver specill ys!

and Ty= 100 eV [this condition is almost same as that of "N€ K« lines has been developed to deduce electron tem-
the result from Fig. t)], the atomic transition rates of inner- Perature of cold bulk plasma heated by fast electrons. Atomic
and/or outer-shell ionizations, radiative and Auger decays foProcesses associated with te emission are solved under
the ground states of stholed ions are about 1®-10", CRE with a bi-Maxwellian temperature distribution. It has
10"-102 101-10" and 16-10"sec’!, respectively. Peen shown that ionization abundance is critically dependent
The ion density corresponds to near the solid density of &N the cold-electron temperature but not on the fast-electron
C,H4ClI target. From this estimation, it is likely that the one. However, in order to deduce tier emission more
inner-shell ionization is much slower than the effective heat-quantitatively, explicit consideration of fast electron distribu-
ing time. However, according to the LASNEX simulation tion is found to be of particular importance. To show appli-
done by Guethleiret al. [41] under the conditions similar to cability of the code, chlorin& « to C>* Hea lines were

our case, the plasma density of the heating area was ewobserved with a 1 TW Ti:sapphire laser system. Comparison
hanced by a factor of 4 due to shock compression. In addief the experimental results with the code prediction infers a
tion, there is an uncertainty of the fraction of fast electronsplasma temperature of about 100 eV at " W/cn?. It
Considering these facts, the inner-shell ionization rates cag planned to improve the above code in some aspects includ-
be enhanced by about a factor of 10 compared with the casgg (i) treatment ofk @ emission from excited states, e.g.,
of Fig. 7(b). Then, the resultant effective rates of the inner-c8+: 152522531 — C[12*:1s2s%2p3l, (i) opacity effect,
shell ionization of theK shell may be comparable with the andijii) extension to a time-dependent solver. Furthermore,
inverse of the effective heating time of several picosecondsye are planning to carry out some advanced experiments to

Therefore, in this case, our CRE solution may be valid. Infing a temperature profile in the depth of plasmas. Results
Fig. 7(d), the corresponding result withN;=6.0 il be reported elsewhere.

X107 cm™2, and h=0.02 is shown. From Fig. (@), the

bulk electron temperature is about 1110 eV. The resultant

bulk temperatures deduced from Figé&h)7 7(c?, gnd _Kd) are ACKNOWLEDGMENTS
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