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Time- and space-integrated x-ray spectra of heliumlike titanflinxxi) and heliumlike calciumCaxix),
resonance, and satellite lines emitted from a laser-produced plasma during a study of Li-like x-ray lasing have
been observed with a LiF 2=4.027 A crystal spectrometer and compared to model calculations of the
spectra. We show that the emission can be accurately calculated for critical and subcritical density laser-
produced plasmas assuming coronal equilibrium and that published atomic data for these satellite lines produce
good agreement with the observed spectra. The He-like Ca and Ti intercombinafioh Ltblike satellites
intensity ratios are proposed as useful and accurate diagnostics of electron temperatures in laser-produced
plasmas for temperatures above 0.5 kE81063-651X97)09202-1

PACS numbegps): 52.25-b, 52.50.Jm, 52.76-m, 42.55.Vc

I. INTRODUCTION observed no gain on Li-like Ti and only weak gaif.7
cm 1) on Ca, partly at least because as we shall show in this
Saturated soft x-ray lasers using neonlike ions pumpegaper, the electron temperatures produced were not high
collisionally are now readily achieveld,2]. However, the enough to produce a sufficiently large population of He-like
shortest wavelength produced so-far is only at 9.9 (itm ions which could subsequently recombine to create Li-like
Ne-like Ag) [3]. Shorter wavelengths are of interest for fu- population inversions.
ture biological applicationg4]. Such biological applications Modeling studieq9] show that lasing on Li-like recom-
ideally require an X-UV laser emitting near or inside thebination schemes requires a control of the plasma history
so-called “water window” (2.3—4.4 nm between the ab- during the heating-ionization phase as well as the later cool-
sorption edges of oxygen and carbon. Ni-like ions pumpedng recombination phase. The heating has to be sufficient to
collisionally have lased at 4.5 nifTa) and 3.9 nm(Au). achieve a dominantly He-like plasma by the end of the pump
However, more than 10 kJ optical laser pumping energy wataser pulse. Furthermore, the heating phase has to be short
necessarys]. enough to produce a high-density plasma which will expand
Recombination in Li-like ions has produced gain on sev-quickly and give a strong adiabatic cooling. The-HEi col-
eral elements ranging from Si to Ca with a relatively low lisional recombination rate depends N/ T2, whereN, and
pumping energy[6—8]. A gain of about 4 ci' has been T, are the electron density and temperature respectively and
reported 7,8] for the 1s?3d-1s24f transition in Li-like Caat  so this value must be high enough to produce population
4.7 nm with a pump laser irradiance of2 < 10" W/cn?. In inversions once the plasma starts to expand adiabatically
contrast, to achieve gain on Ni-like Ti&®], the required with Né/Tg approximately constarjtl0]. Previous work has
pumping irradiance is almost two orders of magnitude higheshown the deleterious effect on the amplification of pump
(10" W/cn?). These previous experiments with Li-like Ca laser inhomogeneitigd 1]. Consequently, during this experi-
were performed with 1 cm long plasmas. We attemg@d ment, it was crucial to accurately diagnose the Ca and Ti
to repeat the experiments of Xt al. [7,8] with longer Ca  plasma He- and Li-like stages along the plasma line.
targets(up to 3 cm with the aim of achieving a gain-length Dielectronic and other satellites lings2—1¢ are impor-
product high enougli~15) to saturate the amplification in tant features of x-ray spectra from highly charged ions in
single pass. We also investigatgd] lasing on Li-like Ti as  laboratory and astrophysical plasma and the intensities of
the 1s?3d-1s°5f transition has a better wavelength for bio- hydrogenlike to lithiumlike satellites are often used to diag-
logical applications(3.2 nm. These studies of x-ray laser nose plasma conditior{d7—-19. Satellite lines are particu-
output will be reported elsewhef®], but in summary, we larly suited for diagnostic applications as the lines are usu-
ally optically thin and are close together. Fewer problems of
relative calibration of spectrometer and detector occur with
*Present address: Laboratoire de Spectroscopie Atomique et losuch closely spaced lines and smaller detectors such as CCD
ique, Ba. 350, UniversiteParis-Sud, 91405 Orsay Cedex, France. arrays can be used. The atomic physics controlling the emis-
TPresent address: The Center for Ultrafast Optical Science, Unision intensities of H-like to Li-like ions is also, in general,
versity of Michigan, 1006 IST Building, 2200 Bonisteel Blvd., Ann well known [20-25.
Arbor, MI 48109-2099. For this paper, we have recorded He-like resonance and
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satellite emission from a line focused laser-produced Ti
plasma(between 2.60 and 2.66 A wavelengtnd a similar r
Ca plasma(between 3.17 and 3.22)Aduring the above- T
mentioned study to observe Li-like x-ray lasifi@]. H-like -
and He-like emission from mediurd ions [26—33 have
been previously observed. We show that the emission can be
accurately calculated for the laser produced plasmas with a
relatively straight forward coronal model and that published
atomic data for the satellite lines produce good agreement
with the observed spectra. The He-like Ca and Ti satellite
spectra are thus proposed as useful diagnostics of electron
temperatures in laser produced plasmas for temperatures T
above 0.5 keV. We will show that the principal advantages 3 j
in using medium atomic number elements such as Ca and Ti T
is that the spectra can often be calculated assuming coronal
equilibrium. Moreover, the timesgs for medium atomic
number elements for a steady state to be achieved are shorter Y
and the satellite spectra are relatively more intense compared 2600 2610 2620 2630 2640 2650  2.660
to the resonance lines which makes electron temperature
measurements based on these satellite intensity ratios more
accurate.

qrakijz  Be-like satellites

X mXx,s,tLy
w,n>2 sat.

Relative intensity

Wavelength (A)

FIG. 1. Time- and space-integrated experimental He-like Ti
Il. EXPERIMENTAL METHOD spectrum. The spectral lines are identified following the notation of

The experiment was undertaken using the iodine laser fa32briel[12).

cility [34] ASTERIX IV of the Max-Planck Institut fu _ _ .

Quantenoptik in Garching, Germany, The 1.31% wave- Iy2|.ng Li- to H-like K-shell spectra pf elements from c_arbon
length laser was focused to a 30 mm long by 108 wide  to iron. The code_evaluates the important pppulatlng and
line onto Ti and Cagmassive slab targets of between 10 mmdepopulating atomic processes between all Li-like quantum
and 25 mm length. The laser energy was between 600 ar@fates up to principal quantum number=5 with a
700 J in pulses of 450 ps duration. The focusing lens conbydrogen-like approximation fon>5 and between alh
sisted of six cylindrical sections, each of which focused the=2 states with a manifold average for the-2 states for

beam 6 a 3 cmlong by 30-50um wide line focus. The helium-like ions. Electron-impact excitation and ionization,
0\/er|ap of the six foci results in a 100m wide line focus three-body recombination, autoionization out of and electron

with irradiance=3x10'3 W/cn?. capture into doubly excited states and radiative recombina-
To measure the uniformity and ionization of the line focustion are considered. The quantum number densities are cal-
plasma, a LiF flat crystal spectromet@d=4.027 A was culated up to the continuum lowering limit or the state with
placed at an angle of 40° to the incident laser beam in th&ydberg radius equal to the Debye len§®]. The effects
plane of the beam and line focus with the distance betweeff opacity on the population densities can be approximated
the target and crystak150 mm. We placed a 126m wide
vertical slit in front of the crystal to spatially resolve the .
plasma emission along the line focus. The diffracted x rays [ win>2 satellites grakj.zn>Isatellites
were detected using a 16-bit CCD system. The distance be-
tween the center of the crystal and the CCD was 60 mm. The
achieved spatial resolution and resolving po@Wen\\) were
240 um and 1000 respectively. A 12m thick Be filter was
placed at the vertical slit to stop visible light from exposing
the CCD detector. To record the He-like resonance line and
satellite emission from Ti and Ca plasmas, the crystal was
aligned to Bragg angles of 39° and 54° respectively.
Examples of the experimental time-integrated spectra of
Ti and Ca are shown in Figs. 1 and 2, respectively. The
He-like resonance & 'S-1s2p P), intercombination
(1s? 's-1s2p 3P), forbidden lines (% !S-1s2p 3S),
andn=2,3,4... dielectronic satellite lines are observed. The
lines in Figs. 1 and 2 are identified according to Gabriel's kA Y
notation[12]. Most of the experimental spectral features are 3,170 3180 319 3200 3210 222
blends of several linegigs. 1 and 2 Wavelength (&)

m,x,s,t,y,n>3 satellites

Relative intensity

Ill. DESCRIPTION OF PLASMA EMISSION MODELS . . . .
FIG. 2. Time- and space-integrated experimental He-like Ca

FLY [35] is a widely available quasi-steady-state colli- spectrum. The spectral lines are identified following the notation of
sional radiative code which is accurate for modeling and anaGabriel[12].
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FIG. 4. The intensity ratio of the He-like intercombination lines

(x,y) to jkl satellite lines of Ca as a function of electron density at

FIG. 3. The intensity ratio of the He-like intercombination lines different electron temperatures as calculated byrthecode.

(x,y) to jkl satellite lines of Ti as a function of electron density at

different electron temperatures as calculated byrthecode. . _ . . .
P ground state densiticm %), andC is the collisional excita-

ption rate (cn®s™) from the He-like ground state. We have

by an escape factor calculation. Line intensity ratios are o
y P y sed the values df calculated by theLy code. Allowance

tained from the calculated level populations. The code alsg>*~. e ) e .
calculates microfield distributions and the profiles of the!©r iNner-shell excitation from Li-like ions is included in the
spectral lines. FLY caI(_:uIatlo_ns. _ _ o o

In the coronal mode]36] of plasma emissivity, it is as- The intensity ofn=2 dielectronic satellite lines is given
sumed that exciting transitions are collisional and that alPy
de-exciting transitions are radiative. The probability for an
excited state to be depopulated by a spontaneous radiative = N.N (
transition is independent of density and so, if the electron e migT,
density is sufficiently low, the probability of collisional de-

excitation (which is proportional to electron densitpe-  \yhereT, is the electron temperaturE, is the energy of the
comes negligible compared with spontaneous emission;pper quantum state with respect to the He-like ground state,
Coronal equilibrium will thus always apply for sufficiently gnqm, kg, h are electron mass, Boltzmann’s constant and
low electron densities. As spectral line intensities depengb|gnck’s constant respectivellf,(sf ) is a function of the

only on the collisional excitation rates in coronal equilib- 5tomic parameters of the satellite line and is given by
rium, the intensity ratios of spectral lines are independent of

the electron density.

hZ 3/2

exp(—Eg/kgTe)Fo(sT) 2

. ; : , e ASf
The intensity ratios of the intercombination lines jil F.(sf)= 9 3
satellite lines for Ti and Ca have been calculated using the 2Ast) S AT A

FLY code assuming steady state equilibrigiiigs. 3 and 4

These intensity ratios are constant up to electron densityhereAS and AS' are the autoionization and radiative tran-
=1x10** cm* which indicates that coronal equilibrium for sition probabilities in s* andg. is the statistical weight of
thesen=2 states applies up to this density. Our hydrody-the satellite level. The summation gives the net transition
namic code modelingdiscussed below in Sec. )Vshows  probability to all levels of energy less than The quantity
that the line emission in our experiment is emitted Iargelypz(sf) is a branching ratio of the relevant line emission
from a region close to the critical density of the B laser  probability to the total de-excitation probability considering
(~6x10% electrons/cr¥). When coronal equilibrium ap- the two possible routes of electrons in the doubly excited
plies, the upper quantum states of the He-like lines can bgatellite state. A doubly excited ion can either re-ionize
assumed to be populated by two mechanisms; collisional exautoionization or one of the electrons can de-excite radia-
citation from the He-like ground state and collisional inner—ti\,e|y resulting in recombination. We have usag, Aff and

shell excitation from the Li-like ground state. Arsk data tabulated by Bely-Dubaat al. [32] for Ti and by
The intensity (photons/cris) of the He-like resonance Bely-Dubauet al. [37] for Ca.

line, intercombination line and forbidden line in coronal The q satellite line is in addition populated partly by

equilibrium is given by, inner-shell excitation from the Li-like ground state. The in-
_ tensity due to this populating mechanism is given by
I =NNyC 1)

whereN, is the electron densiticm %), Ny is the He-like I=NeN;Cq 4
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1400 modeling by an approximate solution of the equation of ra-
: w diative transfer. The equation of radiative transfer can be
1200 & written as
N (" = k(x) PO
1000 + ltot= f_xfo e(X)D(N)ex fx o d) qb(o)dx dxdn
E 500 ©
= i wherel, is the intensity escaping the plasmgx) is the
'g 600 + emissivity, «(x) is the absorption coefficient at the center of
© _ the emission lineg~40° is the angle of the spectrometer
a0 & observation to the target normal afdis a line shape func-
1 tion. The inner integration is over all spagdn the plasma
L : and the outer integral is over the wavelenytbf the spectral
ot J \ ar line from line center. We assume that the line profile is
- X jkl X L . .
[ mn st/ /\/\ AN Gaussian and that the emissivityx) and absorption coeffi-
0 e e e e e cient k(x) profiles rise as a step function a0 and then
2605 2609 2613 2617 2621 2625 2629 2633 decrease exponentially witk (following the electron tem-
Wavelength (A) perature rise close to the target surface and then the expo-

nential decrease of electron density with distance from the
targe). The exponential in Eq6) can then be expanded as a
Taylor series and we can integrate each term to get

FIG. 5. The opacity of resonance linev), intercombination
(x,y) and Li-like satellite {,k,I) lines of Ti at an electron tempera-
ture of 600 eV and electron density of &%07° cm™ as calculated

by theFLy code. 2 3

T T T
Itotzlpea 1_(2)3/2+ 2!(3)3/2+ 3!(4)3/2—’_”'

whereN; (cm™3) is the Li-like ground density an@, is the

collision excitation ratécm® s™*). The value ofC, which we (—1)""
have used is that calculated by Bely-Dulstal. [32] for Ti +n'(n—+1)3’7+ . ) 7

and by Bely-Dubatet al.[37] for Ca.

The intensity of Be-like satellite lines is given by wherel p.4is the intensity neglecting absorption ant the

32 optical thickness of the plasma given by

hZ
| :NeNLi(m eXF(—ES/kBTe)FZ(Sf ) (5) " K(X)
T= f o ) dx. (8
where theF,(sf ) data are evaluated according to E8).for
Ti using the atomic data of Bittest al. [33]. Various author$39] have derived a similar expression as Eq.

The E; values used in Eq42) and (5) were calculated  (7) for Gaussian distributiongrather than exponentiaiof
according toEs=Eg—Ej. WhereEg is the ionization en-  ¢(x), «(x). Equation(7) neglects Doppler decouplingt0]
ergy of the He-like ground state aff),e is the energy of the  \which will reduce the effect of opacity by a small amount.
upper quantum state of the doubly excited Li- or Be-like ion.ywe estimate fromeHyBRID velocities that Doppler de-
Since the wavelengths of same group satellite lines are veryoupling could reduce the maximum optical depths from
close together, the values & are taken as 3311 eV and typically 7~2 to 7~1.5 resulting in a maximum error in the
4141 eV for alln=2 andn=3 dielectronic lines respec- intensity of thew line of 20%. This error in the intensities
tively for Ti. The Eg values are taken as 2734 eV, 3419 eV around thew line would be at least partly offset by our
and 3615 eV for thev=2, n=3 andn=4 dielectronic sat- neglect of the absorption of satellite emission by thé&ran-
ellite lines respectively for Ca. Grouping all satellite levels sjtion. Our postprocessor code uses &to allow for opac-
of the same spectator electron principle quantum number tqty on the He-likew line using the values of calculated
gether produces intensity errors of at most 5% at typicatrom the electron density and temperature outplE+OfBRID
temperature$~700 eV) in the evaluation of Eq¢2) and(5).  and the FLY determined opacity(e.g., Fig. 5 at each

The 1.9 hydrodynamic and atomic physics coday-  timestep.

BRID [38] was used to simulate the plasma expansion for our The measured experimental FWHM of the He-like reso-
experiment. In the simulation a 450 ps trapezoidal, 500 $hance line is 2 mA. A broadening of 1 mA is predicted
laser beam irradiates a Ti slab target so that the intensity opecause of Doppler and Stark broadening by rthe code.

the target is 210" W/cn?. The He-like and Li-like ground However, most of the broadening is due to the instrumental
state densities were taken as output frBRYBRID and were  effects because of the plasma s{zewidth of 200um). We
input into a postprocessor code which used E@p-(5) to  have assumed that all of the lines have a width of 2 mA
calculate the time and space averaged He-like resonance apgyHM in our modeling.

satellite line emissions.

Opac_:ity only affects the resonance que intgnsities since IV. RESULTS
the oscillator strengths of the resonance lines is much larger
than for other linegfor example, see Fig.)5The effect of Spectra of titanium calculated assuming coronal equilib-

opacity on the resonance lines is taken into account in theum as outlined abovgEgs. (1)—(5)] for single electron
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FIG. 6. The theoretical spectrum of Ti at different electron tem-ture was~700 eV (Fig. 8), while at later times the electron

peratures300 eV and 700 eas calculated by our postprocessor temperature drops due to adiabatic plasma expansion and the
code. emission is dominated by strong Be-like satellite emission.

The agreement between the Fig. 7 theoretical and experimen-
tal spectra is good apart from thesatellite line intensity
which appears=40% less intense experimentally than the

. M : Bost-processor code calculates and the Be-like satellites at
He-like resonance line is weak. Wh&g increase$700 €V, 5 g41 & and 2.655 A which are experimentally 2—4 times
the Be-like satellite lines become weak and the He-like reso- ore intense than calculated.

nance line intensities increase. It is necessary to integrate the Figure 9a) shows the ratios of intercombination,{)
theoretical spectrum in time and space using the predicteg <~ |iike mnst satelite lines to Li—’like

tlme. and space var|a.t|on ¥, and T, ffom EHYBRID .to i.k,1,q,r,a,b,c,d satellite plus forbiddenz) line of Ti cal-
obtain a_comprehe_nswe agreement with the experiment ulated using bottFLy and our post-processor code. The
spectra(Fig. 7). During the laser heating the peak tempera'agreement between the code results is excellent at higher

temperatures, but less so at lower temperatures, where our
calculation involving a larger number of spectral lines is
arakiz - Be-like satellites more accurate. The electron temperature obtained from the
experimental line ratio and the postprocessor calculation is
~500-700 eV[Fig. Ab)] in agreement with the&HYBRID
calculated peak electron temperatures at the critical density
(see, e.qg., Fig.)8 The error bars on the line focus axis show
the spatial resolution of the spectrometer. The errors on the
temperature measurements reflect the accuracies of measur-
ing the line ratios. Our poor modeling of thesatellite line
intensity could, in addition, introduce a systematic electron
temperature error making our deduced temperatures up to an
J estimated~=50 eV too high.
To simulate the Ca spectrum, He-like and Li-like ground
state densities, resonance)( intercombination X,y) and
) A \ o * forbidden ) line intensities for a single electron tempera-
K N L I AN SR ture calculated byLy were used, but with the calculation of
2.600 2.610 2.620 2.630 2.640 2.650 2.660 then=2 spectator electron satellite line intensities using the
Wavelength (A) data published by Bely-Dubaet al. [37]. Since all the Ca
lines are populated from the He-like ground state lggeke

FIG. 7. Time- and space-integrated experimefgalid line and ~ S€C. I1), a single temperature calculation is sufﬁmeptly ac-
post-processofdashed ling He-like Ti spectrum. Theoretical posi- curate for the Ca spectrum. The calculated theoretical spec-
tions and relative intensitiesee text of all the individual spectral  trum for a temperature of 730 eV is shown in Fig. 10 super-
lines considered are also shown. H@eshowsn= 3 satellite lines, iMmposed on the experimental spectrum. The effechsf3
A representsn=2 (m,s;t,q.,r,a,k,j) satellites, @ shows the dielectric satellite lines on the He-like resonance line is
(W,X,Y,2) lines and ¢ shows Be-like satellite lines. simulated well. Overall the single temperature theoretical

temperatures are shown in Fig. 6. At Idl (300 eV}, the
Be-like satellite lines are stronger than the other lines and th

|
L

Relative intensity

L
L3 I e e e
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O . .o . .
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9 w0t Here @ shows n=3 satellite lines, A represents n=2
MO0 b P (m,s,t,q,r,a,k,j) satellites,l shows the ¥,x,y,z) lines and ¢
0 2 4 6 8 10 12 14 16 designatesi=4 Li-like satellite lines.

Line focus (mm)

FIG. 9. (a) The intensity ratio of the intercombinatior,f) plus =20 |§_greater t.hanX]'OZI cm 3. which is above or CI.Ose to
Li-like m,n,s,t to the Li-like j,k,I,q,r,a,b,c,d satellites plus for- the critical densitywhere emission peaksf 1 um or higher
bidden @) lines of Ti plasma as a function of electron temperature.Wavelength lasers. , . , o
The solid line is calculated by they code, while the dashed line is Figure 13 shows the intensity ratio of the Li-like dielec-
calculated by our post-processor code. The effectso8 satellites ~ tronic satellite(a,b,c,d,q,r,j,k,!) lines to the He-like inter-
lines were included in the post-processor calculatifisThe elec-  combination linesX,y) plus the Li-like dielectronic satellite
tron temperature of the Ti plasma along the line focus deducedm,n,s,t) lines and the intensity ratio of the Li-like dielec-
using the post-processor ratio. tronic satellite &,b,c,d,q,r,j,k,l) lines to the He alpha

resonance linew) as a function of nuclear chargéat the
spectrum(not time- and space-integratefdr Ca fits the ex- maximum electron density for coronal equilibrium and at of
perimental spectrum well. an electron temperature of 600 eV. The line ratios show

Figure 11a) shows the ratio of intercombinatiorx,§) similar behavior at other temperatures. The intensity of the
plus Li-like m,n,st satellites lines to Li-like Li-like satellite lines increase witiZ as approximatelyz®
i.k,1,q,r,a,b,c,d satellites plus forbiddenzj lines of Ca relative to the He-like intercombination linex,§{). The
calculated using bothLY and our post-processor code. The summed experimental intensity ratios of the Li-like satellite
electron temperature obtained from the experimental line rafa,b,c,d,q.r,j,k,1) lines to thex,y plus the Li-like satellite
tios is ~700-800 eV[Fig. 11(b)]. There is a slight differ- (m,n,s,t) lines plus the for Ca and Ti are also shown on Fig.
ence between theLy and post-processor calculations be-13 and are in approximate agreement with the theoretical
cause of the inclusion of th@=3 satellites and small values. There is a small discrepancy between the theoretical
differences in the atomic data for tlme=2 satellites in our and experimental results of the line ratios of the Li-like sat-
calculations. ellite (a,b,c,d,q,r,j,k,1) lines to the He-like resonance line

(w) because of the effect of opacity on the experimental
V. DISCUSSION resonance linew) which is not considered in the theory
calculation for Fig. 13.

Lower atomic number elements such as Al or NaF have Gabriel [12] suggested in his original paper on satellite
been used as tracer or diagnostics layers by various authdiises that the He-like resonance line and Li-like satellites
[41-43. In this section, we will discuss the use of medidm lines would be useful as temperature diagnostics. However,
elements Z=17-26) for laser produced plasma diagnosticsfor laser produced plasmas, the He-like resonance line inten-
Figure 12 shows the maximum electron density as a functiosity is not very useful because the line is usually affected by
of nuclear charge&Z for coronal equilibrium to apply. This opacity(see Fig. 5. However, intercombination lines which
maximum density was deduced usiFigr and is the density are produced by the same populating mechanism as reso-
where the intercombinatiorx(y) lines andj,k,| dielectronic  nance lines and for high& elements are as inten&see Fig.
satellite line ratios start to change with increasing electrorild) and are optically thin(see Fig. %. For this reason, we
density at an electron temperature of 500 eV. This maximuniave used the ratio of the intercombination and other satellite
electron density scales @&°. The electron densities f&  lines for our temperature diagnostics.
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700 4 shown as a broken line.

Electron temperature (eV)

CCD chip edge
650§ provided Z>20 (Fig. 14. However, in sub-ps interactions
L with solid targets, coronal equilibrium will not apply in the
600 : | : ¢ . initial approximately solid density plasmas forméste Fig.
1 2 3 4 5 6 7 12)
Line focus (mm)
FIG. 11. (a) The intensity ratio of the intercombinatiorx, ) VI. CONCLUSION

plus Li-like m,n,s,t to Li-like j,k,I,q,r,a,b,c,d satellites plus for- Time- and space-intearated x-rav spectra of helium-like
bidden ) lines of a Ca plasma. The solid line is calculated by the P 9 Yy sp

FLY, code while the dashed line is calculated by our post-processo tanlum(Tl x>.<|) and hellum-llke calcium, Caix, resonance
code. The effects afi=3 satellites lines were included in the post- and satellite lines emitted from a laser-produced plasma have

processor calculationgb) The electron temperature of the Ca been observed and compared to model calculations of the

plasma along the line focus deduced using the post-processor ratio.
Only part of the line focus was observed on the spectrometer. The

detector spatial limit is indicated. 10%2
10%1 4

We have undertaken both tikey and our post-processor :
calculations of intensities assuming steady-state equilibrium. 100 L
Figure 14 shows the relaxation time to steady state of the
relative intensities of He-like resonance, intercombination % 101 4
and satellite lines as a function of nuclear chazgdhis plot @ ]
was obtained from the relaxation time of the He-like reso- 102 L
nance angkl satellites lines ratios and the intercombination E
to jkl lines ratio calculated usingLY in time-dependent 108 1
mode. An initial steady state calculation of ionization bal-
ance for a low electron temperatu200 e\) was allowed to 104 e
relax to the ionization and emission at the indicatéid. 14 4 6 8 10 12 14 16 18 20 22 24 26

temperature of 500 eV. The time for this to occur was taken
as the relaxation time. The relaxation times scaleza&.
The relaxation time obtained from the He-like intercombina-

tion (x,y) to jkl satellite Iing ra_tio is anger than the He-like ¢,d,q.r,j.k,1) lines to the He-like resonance lingv) (solid line)
resonance ) to jkl satellite line ratio because the UPPer gnq the He-like intercombination lines,) plus the Li-like dielec-
state of.the |ntercomb|nat|on'llne is metastable. Steady stalgynic satellite (n,n,s,t) lines (dashed lingas a function of nuclear
calculations can be used with laser-produced plasma proshargez at an electron temperature of 600 eV and below the maxi-
vided the laser pulse lengths are significar8gy a factor  mum electron density for coronal equilibrium as calculated using
10) longer than the plotted relaxation times. This implies thatthe FLy code. Experimental data points for Ca and Ti are also
steady state calculations of He-like line intensities can b&hown (M shows the ratio to thes lines and® to thex,y,m,n,s,t
used as diagnostics with short pul€el—1 p$ laser plasmas lines).

Nuclear charge Z

FIG. 13. The ratio of the Li-like dielectronic satellitea,p,



1834 A. DEMIR et al. 55

10-10 of electron temperatures in laser produced plasmas for tem-
‘ peratures above 0.5 keV since these lines have low opacity.
—e— wijki Using the intercombination tgkl relative intensities, we
—=—(xy)ikl have determined the electron temperature along the plasma
lines used to investigate Li-like x-ray lasing in Ca and Ti.
For Ti, we have observed an averafiealong the line focus
of 600 eV with =100 eV variations. Such a plasma was not
sufficiently hot or homogeneous to achieve a good amplifi-
cation of the 3l-4f and 3-5f Li-like lines. The Ca plasma
was hotter and more uniform with an averafjeof 750 eV
and only £50 eV variations and showed a small gain.

The principal advantage in using higher atomic number
elements such as Ca and Ti is that in sub-critical plasmas the
spectra can be calculated assuming coronal equilibfite
maximum density for coronal equilibriurN 7>, the
timestg for a steady state to be achieved are shortgy (
«Z~8) and the satellite spectra are relatively more intense
compared to the resonance lines which makes electron tem-
perature measurements based on these satellite intensity ra-
tios more accurate.

-

2
X
b

10712

Relaxation time (s)

10-13

10-14 NP : e
12 16 20 24 28

Nuclear charge Z

FIG. 14. Relaxation timegto achieve steady state equilibrium
as calculated byLy as a function of nuclear chargefor an elec-
tron temperature of 500 eV and electron density sf16?° cm™3. A
fit of the formt,=Z~ 8 is shown as a broken line. The plots show
the time to reach steady-state values for the resonawgea(d

intercombination X,y) to jkl satellite line intensity ratios as la-
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