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We have successfully employed isoelectronic line ratios to measure the electron temperature in gas-filled
Hohlraumtargets and gas bags shot with the Nova laser. These targets produce millimeter-scale-length plasmas
with electron densityN.~10?* cm™3 and electron temperatufB,~3 keV. The Hohlraum targets can also
produce radiation temperature exceeding 200 eV. Isoelectronic line ratios are well suited to this measurement
because they are relatively insensitive to radiation field effectdahlraumtargets, opacity, transients, and
variations in electron density compared to conventional line ratios. We survey the properties of isoelectronic
line ratios formed from ratios ai-to-1 resonance transitions in heliumlike Cr to the same transitions in Ti and
compare with conventional ratios afto-1 transitions in hydrogenlike Ti to the corresponding transitions in
heliumlike Ti, concentrating on plasma parameter ranges of interest to the Nova experiments. We also consider
the same ratios using K and Cl. Atomic kinetics are treated using collisional-radiative models and experimental
data are analyzed with the aid of radiation-hydrodynamics calculations. When we apply isoelectronic tech-
niques to the Nova experimental data, we find that the targets have electron temperatures of at least 3 keV.
[S1063-651X%96)08505-4

PACS numbd(s): 52.70.La, 52.50.Jm, 52.58.Ns

I. INTRODUCTION stage[e.g., I (Ly )/l (Ly,), which is not too sensitive to the
radiation field respond quickly to transients, but have poor
Soft-x-ray line-ratio spectroscopy is a useful techniqueT, sensitivity. [In the case ofl (Lyg)/I(Ly,), the poorT,
commonly employed for characterization of laser-producedensitivity is due to the relatively close energy spacing of the
plasmad1]. Characterization of the bulk plasma conditionsn=2 and 3 leveld.For parameters typical dlohlraumbulk
in Hohlraum targets is important for understanditdphl-  plasmas, convention#l-shell line-ratio diagnostics sensitive
raumenergetics and laser-plasma instabilities, such as stimie the H-like to He-like ionization balance[e.g.,
lated Brillouin scattering and stimulated Raman scatterind (Ly )/ (He,), which we refer to generically as an “inter-
[2]. Unfortunately, inHohlraumtargets, the presence of the ionization-stage” or “interstage” ratipare only weakly per-
intense radiation drive fielfi3] complicates the application turbed by the radiation field and have gobBgsensitivity, but
of standard spectroscopic diagnostic techniduésThis ra-  require typically several nanoseconds of steady-state plasma
diation field can significantly affect the behavior of line in- to reach their equilibrium values at subcritical densities
tensity ratios (e.g., resonance-to-satellite ratiosormally  (N,<10?2 cm™3). Although this requirement seriously com-
used to measure electron temperaflig@nd electron density promises the analysis of transient plasmasiohlraumtar-
N, [4]. At relatively high electron densitigsupercritical for  gets, the strondl. sensitivity and weakT, sensitivity of
0.35um light, N.>10?? cm™3) photon-induced effects are interstage ratios makes it worthwhile to attempt to use them
small compared to electron collisional effects and the radiawith the aid of fully time-dependent models to treat the tran-
tion field is less perturbative. However, the presence obient behavior. We use them as a benchmark for the isoelec-
strong spectral background emission from the higttypi-  tronic ratios. Interstage ratios are also heavily used for the
cally Au, Z=79) Hohlraum wall imposes a minimum re- diagnosis of implosions, where transient effects are not im-
quirement on the amount of spectral dopant necessary tportant because of the much higher density and resulting fast
produce observable emission. Optical depth of the dopartollisional rateq6].
then becomes a serious isqi8. Recently, Marjoribankst al. [7] successfully employed
The relatively long ionization equilibration time at sub- isoelectronic line ratios for theT, diagnosis of laser-
critical densities presents an additional challenge. The neegroduced plasmas in open geometries. Isoelectronic line ra-
to avoid photon-induced transitions leads us to considetios are formed using the same spectral line from two differ-
emission lines from widely spaced levels suchkashell  ent elements. A plasma is formed containing known relative
transitions(preferably not including satellites, since these in-amounts of impurity dopants of slightly different atomic
volve a weakly bound spectator electron that may be easilpumbers. The isoelectronic line ratios are formed using tran-
photoionized. Ratios between lines of the same ionizationsitions between identical pairs of electronic configurations
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for the two elementge.g.,1(Cr He)/I(Ti He,)]. Since the ground states. Optical-depth effects in the kinetics are treated
same population mechanisms contribute comparably to botim the escape-factor approximation. The physical processes
line intensities, each intensity will be given to a good ap-included in the Ration model are electron-impact excitation

proximation by the same function of and deexcitation, electron-impact ionization, three-body re-
) combination, autoionization, dielectronic recombination,
_Pz_Z°Eg (1)  Photoexcitation, spontaneous emission, photoionization, ra-
2Ty T diative recombinatior(spontaneous and stimulajedtimu-

) o ) _ lated emission, and continuum loweringSome of these
wherePy is the ionization potential of elemedtandEg is  processes, e.g., continuum lowering and three-body recom-

the Rydberg energy. For example, in the Ration m¢8@]  pjination, are not important for long-scale-length inertial-
used in our calculations, collisional ionizatidh is deter-  confinement-fusion plasmas.

mined using an equation by Lof20-12 The two atomic kinetics codes we use are calied and
_ DsP(Detailed Spectroscopy Postproce$$aB]. The LASNEX

S=297x10°6 §VUzE.(U2) 2) hydrodynamics codEl4] provides plasma parameters for in-

Z°Eg ' put toFLY andDSP. FLY solves the time-dependent rate equa-

) ) .. tions using the Ration modgl5] assuming a unifornislab
where¢ is the number of outer-subshell electrons in the ini-pi35ma with line transfer treated using escape factissis
tial ion stage ande, is the exponential integral of the first 5154 time dependent and uses the Ration model, but performs
kind. The nontrivial density dependen¢e.g., due to step- , gpatially dependent calculation by postprocessing data
wise excitation, shown in Fig. 1, belgwancels fairly accu-  fom | asnex, which has two dimensions representing cylin-

rately, resulting in a ratio that depends primarily 8.  grical symmetrypsp uses escape factof$6,17] for the ki-
Other dependences and nonideal effects also tend to canggliics calculation and produces emission and absorption co-

when the ratio is formed. As indicated by Marjoribarétsal.  efficients for each zone in the hydrodynamics simulations.

[7], even uncertainties in the atomic physics model tend tQ,5pthen generates the simulated spectra by formally solving

cancel for isoelectronic ratios. This cancellation occurs behe radiative transfer equation along the desired lines of
cause such errors contribute comparably to the numeratgright.

and denominator in the ratio.

A complication with isoelectronic line ratios is that it is
necessary to know the relative abundances of the two ele-|l|. PROPERTIES OF ISOELECTRONIC LINE RATIOS
ments in the dopant sample to avoid introducing significant o . . o
error in the measurement. In some cases, such as an FOr ourHohlraumapplications, the interstage line ratio is
I (K)/I(Cl) scheme, the ratio of K to Cl abundances is knownthe best conventional line ratio that we have found. In this
accurately by stoichiometry if one uses KCl salt as the dopSection, we compare the isoelectronic line ratio with the in-
ant. In a more general case, suchl €&n/I(Ti), it is neces- terstage ratio. The isoelectronic ratio is superior to the inter-
sary to measure the relative abundan@eg., by x-ray fluo- stage ratio in all respects except tligtthe interstage ratio
rescence has somewhat stronger sensitivity Tg and (ii) the isoelec-

Our calculations indicate that isoelectronic line ratios arefonic line ratio requires knowledge of the relative concen-
sufficiently insensitive to photon-induced effects, opacity,trations of the two dopants.

and transients to be used to meastiggin Hohlraumplas- _ Figures 1-4 compare isoelectronic and interstptf
mas. line ratios, includind (Ti)/I (Cr) and| (K)/I (Cl) schemes that

The remainder of this article is organized as follows. WeWe Use for measurements of the gas-filled targets. We have
describe the computer modeling codes we used in Sec. jnvestigated the behavior of a variety of different line ratios
We survey the properties of isoelectronic line ratios as prefor €lements with atomic numbers from 1#g) to 26 (Fe).
dicted by collisional-radiative atomic kinetics calculations in Hereé we concentrate on ratios usikgshell « and 8 lines,
Sec. Ill and present a simple analytic model that shows lesgUch as Cr Hgto Ti He,, Cr He; to Ti He isoelectronic
sensitivity to modeling uncertainty of dielectronic recombi- 'atios, Ti or CrlLy, to He, (or B) interstage ratios, and cor-
nation for isoelectronic than interstage ratios in Sec. V. In"ésponding ratios using K and Cl. Figureall.compares the
Sec. V we show some example experimental applications df€nsity dependences calculated using RatétriixedT,, no
isoelectronic and interstage ratios, using analysis techniquégdiation field, steady state, and optically thaf the Cr He,
that account for nonideal effects such as transients and spi Ti H&, isoelectronic and Ti Ly to Ti He, interstage line
tial gradients in the determination @%,. Section VI is de- ~ratios. Both of the ratios are independentyf up to, and
voted to a study of the perturbing effects caused by introducSomewhat above, the nominkiL=10"* cm~* for which the

tion of the spectral impurity in a gas-filledohliraumtarget. ~ 9as-filled targets in Sec. V, below, were designed. At higher
The summary is in Sec. VII. densities, the ionization balance is affected by stepwise

electron-collisional excitation. For example, for Ti Bf=3
keV, the electron-collisional ionization rate from time=2
He-like level is 25 times as large as the rate from the ground
To perform atomic kinetics calculations, we used the Rastate. Thus, as density increases, when collisional excitation
tion model[8,9]. Ration calculate& -shell emission for ele- is sufficient to significantly populate the=2 level, the mul-
ments with atomic numbers from &) to 26 (Fe), using tistep process consisting of excitation from=1 to 2 (or
detailed atomic levels for H-like, He-like, and Li-like ioniza- highep followed by ionization of the excited state can have a
tion stages, with all other ionization stages including onlysignificant contribution. This corresponds to the transition

Il. MODELING TECHNIQUES
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FIG. 2. Radiation-field effects in interstage vs isoelectronic
FIG. 1. N, effects in interstage vs isoelectroric-shell line  k_ghell line ratios(a) The steady-state Ration model is used to plot
ratios. (a) The steady-state Ration model is used to plot the lineine |ine ratios vsT, . The ratios ard (K Hep)/I (Cl Heg) (isoelec-
ratios vsNe . The ratios ard (Cr He,)/I (Ti He,) (isoelectroni¢ vs  t1onjic) vs | (CI Ly /I (Cl Hep) (interstagg (b) The relative impor-
I(Ti Ly )/I(Ti He,) (interstage The density dependence, which tance of photoionization vs collisional ionization for ionization of
starts to be significant at densities just belowf?1em™>, is a result  the ground and first excited states.
of stepwise excitation(b) The ratio of ionization rates of Ti for the
n=2and 1 levels, weighted by the respective level populations. 7 dependence in Eq3) and consider that the K-CI ratios
would be used for lower electron temperature than the Cr-Ti
from the coronal to the collisional-radiative regime with in- ratios so that the values (Z\Q/Te would be the same in both
creasingN, . By requiring spontaneous decay to exceed colcased,

lisional deexcitation for levels up to=6, the limit of the Figure Za) shows a similar effect for fixedN, as the
coronal regime is given bjy19] radiation temperaturd@, for an imposed Planckian field is
2 increased, this time comparing thék Hey)/I (Cl Hep) iso-
6+1/2 electronic ratio with the (Cl Ly 5)/I (CI Hey) interstage ratio.
Ne<5.9x10Z°T, exp( 10Te)’ ® In the Nova experiments, it is necessary to use the K-ClI

spectra ifT . is much below 2 keV, because emission from Ti
whereZ is the effective(screenefinuclear charge seen by and Cr is too weak. Due to the lowér of K and Cl, the
the transitioning electror, is in eV, andN, is in cm 3. For  radiation fields are more perturbative and the advantage of
He-like Ti at T,=3000 eV, this givedN,<2.8x107° cm™3.  the isoelectronic ratio is more significant than for the
As an estimate of the relative importance of stepwise ionizaCr-Ti scheme. The mechanism for the perturbation by the
tion of Ti, the quantityn,S,/n,S; is plotted againsiN, in  radiation field is photoexcitation and photoionization from
Fig. 1(b). Heren, andn, are the populations of the=2 and  levels n=2 and higher. Figure () plots the ratio of the
1 states and, and S, are the respective collisional ioniza- photoionization rate to the collisional ionization rate Vs
tion rates. This was calculated using the Ration model foFor T,<300 eV, the ground state is not significantly per-
T.=3 keV. At the higher densities, the fractional change inturbed, while the first excited state is affectedaz150 eV.
the interstage ratio is much larger than the change in th&/e also find that using a non-Planckian field taken from a
isoelectronic line ratio. This occurs because as the He-likeAsNEX calculation does not significantly change the results.
stage ionizes with increasing density, a decrease in Ti HeThe non-Planckian field we used was fromABNEX calcu-
emission is accompanied by an increase in Tj Eynission, lation of a non-gas-filled “scale-1'{1600 um diameter by
whereas for the isoelectronic case the Cr, Hission is 2700um length Hohlraumtarget, which is somewhat more
also decreasing. For the K-Cl cag®t shown, the density energetic than the field for the larger gas-fillelhliraum
dependence begins at a slightly lower valudNgf [Note the  target discussed in Sec. V B below.
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FIG. 3. Opacity effects in interstage vs isoelectrdfishell line (b) line intensities
ratios. (a) The steady-state Ration model is used to plot the line [TTITTI T I T I T
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Figure 3 shows the same kind of effect for opacity, com- KU H1) o =
paring the I(K He))/I(Cl He,) isoelectronic andl(K = - -
Ly /I (K He,) interstage ratios. We include the opacity ef- % o5 _ Ly =
fects using the escape-factor approximation and vary the es- k<] - -
cape length. The ratios are plotted versus the optical depth of Y = AN i:TTTI o -
the K He, line as the escape-factor length is increased. In 0.0 05 1.0 15 20
this situation, the behavior of the interstage ratio depends on time (ns)
the ionization balance as determinedy. The populations - == steady
of n=2 levels are perturbed by photoexcitation caused by — transient
2-1 line emission from surrounding ions and the escaping
emission depends on the absorption of these same photons, (c) collisional ionization
which in turn depends on the ground-state population. In oo
general, there is no simple relation between the opacity ef- - Ti &
fects in the numerator and denominator of the interstage ratio e o® 1
since the ionization balancératio between ground-state ch 10 i ot ]
population$ and hence relative opacities are not necessarily S - ....°o 3
comparable. In the temperature regime where both species in S0 KR =
the interstage ratio are abundant, the H-like population in- = 3
creases with rising temperature while the He-like population 1012 o ]
decreases. Therefore, the opacity of the H-like line would L * ]
tend to increase with rising temperature while that of the N e

Qo o . 0 10
He-like line would decrease. This indicates that the relative number of bound el

importance of opacity for each line is temperature dependent
and one could not reasonably hope for a cancellation of
0pac|ty effectsi even though both lines become more Opt|_ FIG. 4. Transient effects in interstage vs isoelectrdfishell
cally thick with increasing escape-factor length. However, infiné ratios. The ratios compared here are th@r He,)/I (Ti He,)
the isoelectronic case, the ground-state populations are Cc)rﬁ_oelectromc and(Ti Ly_a)/l (Ti Hep) m_terstage ratios. The calclila-
parable over a relatively wide temperature range and th8°"S “53 a modeT, history shown r']”(a) a”‘jj ass#_mr:ﬂe:lo_z
opacity effects tend to cancel as the escape length increas&d) _ and constant in timela) uses therLy code (which contains
Figure 4a) shows a transient calculation usirgy for a the Ration modglto perform a transient calculation and uses the
nominal 3-keV modelT, history (simple flat top with a resulting line ratios to infefT, under the invalid assumption of
dual d 'tﬁ N y t tp t 18 Pg steady state to quantify the transient effe¢.compares the time
gral ual ramp down wi € Cons.an a ?m ' Com.' behaviors of the individual line intensities to steady stétgplots
paring the I(Cr He)/I(Ti He,) isoelectronic andl(Ti

. - . . . . the collisional ionization rates for each ionization stage of Ti vs the
Ly /I (Ti He,) interstage ratios. The resulting line ratios are,mper of bound electrons.
then converted back to temperatures assuming steady state,
to quantify the transient effects. Neither line ratio agrees per- Although we find that a partial cancellation of transient
fectly with the modelT, because transient effects cause theeffects does occur when the isoelectronic ratio is taken, this
ionization balance between He-like and H-like ions to differis not the primary reason for the superior transient behavior.
from steady-state values. The isoelectronic line ratio moré\ more significant effect is that we chose a high enodgh
closely follows the changing temperature, particularly duringthat the H-like population is somewhat less than the He-like

the late recombination phase. population. In this situation, the ionization balance between

20
ectrons
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He-like and Li-like ions can change rapidly as the temperatant for reasons discussed in the following paragraph. We do
ture changes, while the balance between He-like and H-likaot feel that the analytic treatment presented below yields
ions changes more sluggishly, due to the high ionization poresults sufficiently accurate for data analysis, but it does
tential of the He-like closed-shell configuration. Figui®4 demonstrate explicitly the manners in which the isoelectronic
plots the raw line intensities vs time for the steady-state andatios have reduced sensitivity to modeling uncertainty. We
transient calculations. The transient Héne intensities suspect that, with more work, the model could be improved
“overshoot” their steady-state values and then gradually apto yield accurate quantitative predictions, but that would be
proach equilibrium, while the Ly line evolves slowly beyond the scope of the present work.
throughout the pulse, never reaching the equilibrium value. In this section, we present a simple model containing only
Since both Hg lines have the same qualitative transient be-two ionization stages, each of which has only a ground state
havior, there is a partial cancellation in the errors when theand a single excited state. The kinetics is assumed to be
ratio is formed, which does not occur for the interstage ratiocoronal equilibrium except that dielectronic recombination is
However, the isoelectronic ratio is less transient primarilyincluded as coupling the ground state of one ion stage to the
because we used no hydrogenlike lines in the isoelectroniground state of the other stage. By assuming coronal kinet-
ratio and, for theT, range that we are considering, the He ics, we are limiting this model to plasmas whose electron
lines are less transient than the Liines. densities are below the limit given approximately by E).
Figure 4c) shows the collisional ionization rates from the This limitation could be relaxed by including multistep ion-
Ration model for each ionization stage of Ti plotted vs theization and perhaps other proces¢ssch as three-body re-
number of bound electrons. There is a sudden jump, by aombination, at the expense of significant added complex-
factor of 30, in the curve going from He-like to Li-like ions. ity. Dielectronic recombination is of concern because its
Physically, this indicates that the outes 2lectron in Li is  treatment in Ration is very simplified. In general, accurate
very weakly bound and thus is easy to ionize. At a density otreatment of dielectronic recombination requires a model
10°* cm 2 and aT,, of 3 keV, a TiCr plasma ionizes quickly with many multiply excited states. But the only multiply ex-
to the He-like stage, at which point the He-like populationcited states included in Ration are doubly excited heliumlike
tends to overaccumulaienore than steady statentil final and lithiumlike states with both excited electrons g2
equilibrium with the H-like and fully stripped stages occurslevels. This approximation might be acceptable at relatively
on a longer time scale. For the parameters in Fig. 4, relalow quasicoronal densities, such as we are considering, but
tively little H-like population is produced, as evidenced by would be more questionable at higher densities where there
the relatively weak Ti Ly intensity. In this case, the He-like are more electrons in excited states. The dielectronic-
ionization dynamics are dominated by the ionization balanceecombination model we use in our analytic treatment is
with Li-like ions. If a lowerZ were chosen for the spectral even more simplified. In particular, the dielectric recombina-
dopants, the transient effects for heliumlike lines would betion model we use introduces a coupling between the ground
greater at this temperature. If a highérwere chosen, the states of the two ionization stages, but does not include any
transient effects would be reduced further, but the He-likedirect rates into or out of the excited states.
line emission intensity would decrease due to the reduced This analytic model is also a steady-state model. It would
excitation from the ground state. Thus the choiceZafep-  not be difficult to add time dependence to this model. One
resents a compromise between considerations of transient afan see some examples of how modeling uncertainties cancel
fects and limitations due to sensitivity of the diagnostic in-out in the derivation of the model, and the insensitivity to
strumentation and the ability to discriminate signal frommodeling variation will be demonstrated by comparing the

background emission. results with the full Ration model and by turning off the
Not surprisingly, if there is a significant temperature gra-dielectronic recombination in the analytic model.
dient in the emitting region,ASNEX-DSP calculations show For the densities and temperatures typical of subcritical

that the emissions from the isoelectronic states are peaked ldbva plasmas, we find that the dominant atomic kinetic rates

approximately the same spatial locations, whereas the intemre electron collisional ionization, radiative recombination,

stage emissions can come from different locations anelectron collisional excitation, and spontaneous decay. Di-

thereby sample different temperatures. We thus have morelectronic recombination is also a significant effect. The col-

confidence that the temperature deduced from an isoeletisional ionization rate is taken from LofA0-12:

tronic ratio would be representative of the temperatures in

the emitting region when there are gradients. 8 )1’2 a¢
TMe P\/T—e

whereS is the collisional ionization rate for a particular ion-

ization stage,m, is the electron massa=4.4379%10 4
Since Marjoribankset al. [7] have stated that modeling eV2cn?, ¢ is the number of bound electrons in the outer

uncertainties tend to cancel when isoelectronic line ratios arsubshell of the initial ionization stag® is the ionization

formed, one might hope that a simple analytic model wouldpotential of initial ionization stageTl, is the electron tem-

produce approximately the same line ratios as Ration. WeeratureU=P/T,, andE, is the exponential integral of the

have found that a very simplified analytic treatment can yieldirst kind.

results roughly comparable to the full Ration model. Calcu- Spontaneous radiative recombination is from Spif26y

lations using the analytic formulas exhibit reduced sensitivity(and is equivalent to the treatment of Seat@i] with the

to uncertainty in dielectronic recombination, which is impor- Gaunt factor equal to)1

E.(U), 4

IV. ANALYTIC TREATMENT
OF MODELING UNCERTAINTIES
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28/

1
Rz?,;—-rrgczu?”zexp(U)El(U), (5) E(n,Z)zP(Z)(l—F , (10)

whereR is the spontaneous radiative recombination rate for avhereE is the energy of excitation level, n is the principal
particular initial ionization stage, is the classical electron quantum numberZ is the screened nuclear charge, and the
radius, c is the speed of light, an@ is the charge on the ionization potential is given by

initial ionization stage including inner-electron screening.

Collisional excitation is from Van Regemortg?2] (with the P(Z)=Z?%Eg. (11

Gaunt factor=0.2):
In this analysis, with the exception of the dielectronic recom-

- 12 164 exp(—AE/T,) bination term, the oscillator strength will only appear as the
C=(ma)BR| 3| 5 AR f, (6) ratio f,y/fnue Of ann-to-1 transition in the hydrogenic spe-
© e cies to the corresponding transition in the heliumlike ion. In

whereC is the collisional excitation rate from initial to final this case, it is a fairly good approximation to take

level of a particular iong, is the Bohr radiusEg is the
Rydberg energy13.606 eV, AE is the energy of transition
from initial to final level, andf is the oscillator strength of Fore
the transition. The oscillator strength is a dimensionless mea-

sure of the spontaneous decay rate and is related to it by VW& consider a simplified system of only two ionization
stages and two levels, described by the following four depen-

AE \? g dent variables:Ny, the population of hydrogenic ground
) —f, (7)  state;Ny,, the population of heliumlike ground staté; the
Yu population of hydrogenic excited state; axdthe population
where A is the spontaneous transition rate from upper tcof heliumlike exc_ited state. These varigbles are r_elated by
lower level andg, ,g, are the statistical weights of lower and thrée rate equations and by conservation of particles. The
upper states. steady-state ionization balance equation is
These expressions f@&, R, C, andA are the same as in
the Ration model, but we treat dielectronic recombination
using the analytic fit for the total dielectric recombination
rate obtained by Burge$23,24:

f
M1, (12)

" ap | mec?

0=NgRN;—NgSNie+ N.DNyi, (13)

the excitation balance equation for hydrogen is

7.589x 10~ ¥ —Xy(2) 0=N.CyNy—ALY, (14)
D=——mp— fa(x),B(Z)ex;{—} 8(Z) cmis,
Te Te @® and the excitation balance equation for helium is
where 0=NeCpieNpe— AneX, (15
AE where we assume that dielectronic recombination couples the
x= hydrogenic ground state to the heliumlike ground state,
Er(1+2)’ which is consistent with the Burgess formulatigA more
careful treatment would split the process into a recombina-
WX tion into the excited state followed by a competition between
a(x)= 1+ 0.10%+ 0.015¢2" autoionization and spontaneous degaye also assume that
X,Y<Nye Ny so that the conservation equation is simply
Z(1+2)%\1?
= Ny+Nye=N, 16
B(2)=\ 227134 - C) Ht Npe (16)
whereN is the total number of ions present. The subscripts
(2)= 1 1+2 on C indicate thatC is a function of which ionization stage is
Y 73.44 0.01%3" being excited. Solving for the excited-state populations
T vz yields
= - H
A2) =084 oo Y T a5 10 S(Z=10° CTEL+I4F

In this form of the Burgess formuld, is in keV. The other ~and
rate formulas are valid in any self-consistent system of units
with T, in energy units.

As another simplification compared to Ration, we use a
simple hydrogenic formula for the transition energies from
excited to ground states: where

I
Y:NENKH m, (18)
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8(Z) cm?, (22)
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with N, in cm 2 and T, in keV. Note that, due to cancella- 0 2 4

tions, the oscillator strength appears only in the expression Te (keV)
F, which represents dielectronic recombination. (b) . _

The intensities(L, and L,,, respectively of emission interstage I(Ti Ly,)/I(Ti He)
lines for n-to-1 transitions of heliumlike and hydrogenlike 4 prrTTeTT
ionization stages are now given by

LHe,n(ZvTe):Xn(ZvTe)AEHe,n(Z)AHe,n(Z) (22)

ratio

and

Liun(Z.Te) =Yn(Z, T)AEL (D) Ann(Z). (23 1

TTTTIT TV YT TTTTY
o,
Ve

At this point, when one forms the isoelectronic line ratio
Lu(Z+AZ)/Ly(Z), one can see, for example, that the ef- 0 0 >
fects of dielectronic recombination enter the numerator and T, (keV)
denominator in the same way, which does not happen for an

interstage line ratio such dsy(Z)/L«(Z). Moreover, the (c)
oscillator strength, which appears &, cancels when the
isoelectronic intensity ratio is formed, to the extent that
f(Z2)=f(Z+AZ). This does not occur in the interstage line
ratio, where the ratid (Z)/fy(Z) appears, for which we
use Eq.(12).

This cancellation of the dependence on oscillator
strengths is very convenient and illustrates how a particular
physical effect cancels when forming the ratio. However, this 0
alone is not necessarily an advantage for isoelectronic ratios
because, although to our knowledge oscillator strengths for
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100

change (%

C interstagle

the resonance lines of the elements we consider have not 0 2 4
been measured experimentally, calculational techniques for Te (keV)
them have been well bench-marked. The demonstration of

-100

reduced sensitivity to uncertainty in dielectronic recombina-

tion is perhaps more interesting. Although in principle di- FIG. 5. Comparison of simple analytic and full Ration models.
electronic recombination can be accurately modeled, it gen@ The analytic isoelectronic ratib(Cr He,)/I (Ti He,) with and
erally requires a much more complete set of multiply excitedwithout dielectronic recombinatiofDR) and the full Ration model
states than is included in the Ration model. We illustrate theys Te. (b) The same comparison for the interstage rat(@i
reduced sensitivity to dielectronic recombination by comparLly)/I (Ti He,). (c) The percentage “error” compared to the full
ing calculations using the analytic model with the resultsRation model. The analytic model is explicitly independeniNaf
from Ration calculations using both the interstage and iso@ndT: and the Ration calculation usét,=10°* cm™* and T, =0.
electronic ratios.

Figure 5 compares the analytic model with Ration forcoupling to the excited state by dielectronic recombination,
isoelectronic and interstage ratios, with and without dielec-or both.(One could add a fully stripped stage to the analytic
tronic recombinationDR). The relative insensitivity of the model fairly easily, but a better analytic treatment of DR
isoelectronic ratio to modeling differences is easy to see. Iwould require a Burgess-like model that has separate recom-
Fig. 5@ the analytic model for the isoelectronic ratio agreesbination rates for coupling to the ground and excited states.
fairly well with the full Ration model, considering the sim- The very close agreement for the isoelectronic ratio when
plicity of the analytic model. The departure from Ration asDR is not included is probably a coincidence, as the Ration
temperature increases is probably due to either the neglect ofodel has a better treatment of DR than the analytic model.
the fully stripped ionization stage or to the neglect of theThe main point of Fig. 5 is that the both the departures from
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"?E 2'_ ] FIG. 7. LASNEX-FLY analysis for the gas bag. The prototypical
S 1022 _] line ratio histories corresponding to each nomifial history are
= 5:_ 3 shown for(a) the isoelectronic line ratio an@) the interstage line

- ] ratio. Experimental data points are shown as rectangles.
2 e -
102 , V. APPLICATION TO EXPERIMENTAL DATA
Logaabayvaalasng

0.0 0'?ime Ehos) 15 In this section, we briefly illustrate the application of
isoelectronic-line-ratio techniques to infer experimental elec-
tron temperatures for gas bags and gas-fitexhlraumtar-
FIG. 6. Prototype temperature and density from Lasnex gas-bagets. Further experimental details can be found in the related
calculation.(a) The minimum, average, and maximuly in the  experimental papef25-27.
directly illuminated portion of the fiber vs timéb) a scaled proto- We usedrLy and DsP calculations to inferT, from ex-
typical temperature history; ar(d) the prototypical density history. perimental datarLy for quick analysis anespto more ac-
curately fold in the spatial variations. For input koY, we
Ration and the effect of omitting DR are smaller for the spatially averaged ASNEX hydrodynamics data to obtain
isoelectronic line ratio than for the interstage ratio. For thezero-dimensional time histories of density and temperature
interstage ratio in Fig. () the analytic model departs mark- of the emitting region. Scaled temperatures were used to per-
edly from Ration, and omitting DR changes the results draform severaFLy calculations to yield a family of line ratios
matically. Figure %c) shows that the relative error in the vs time with “nominal” T, as a parameter. These data were
analytic model compared to Ration is much greater for theompared with experimental data to infer the actual tempera-
interstage ratio than for the isoelectronic rafidote that at  ture.
low temperaturegbelow 0.8 keV), where significant lithium- We input two-dimensional(2D) LASNEX data into
like ionization stage is expected, the analytic result giveDspP. DSP calculates spectral emissivity and opacity for each
inaccurate results even for the isoelectronic ratio. This is nospatial zone, integrates line-transfer equations along lines of
surprising since the lithiumlike stage is not included in thesight, and performs appropriately weighted sums to simulate
model. In an experimental application, it is unlikely that he-the spectrum from the experimental diagnostic. After con-
liumlike and hydrogenic lines would be observable in thisvolving with an instrument function, we compared the cal-
temperature rangp. culated spectrum with the experimental data.
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time (ns) FIG. 9. LASNEx-DsP analysis for the gas-filletiohlraumtarget.
(a) compares the calculated ratios for th€r Hey)/I (Ti Hep) iso-
) ) electronic line ratio with data from a framing camefla). shows the
FIG. 8. Gas-filledHohlraumtarget design. The geometry of the yependence of the line ratio dfy in the steady-state approxima-
target shown in(@ is cylindrically symmetric about the horizontal 54 The predicted temperature framsnex is about 25% higher

axis. The target is illuminated with 30 kJ of 0.38n light with the  1han one would infer from(b) due to transient effects that are in-
pulse shape shown itb) from the LASNEX calculation. The two | ded in the calculation i)

curves marked ‘“shot” and “absorbed” are the incident and the
absorbed laser power, respectively. The absorption modeAsn

NEx predicts that most of the incident energy is absorbed. eter, closely spaced lines tended to blend together. To model

these blended lines, we calculated the individual intensities
A. Gas-bag measurements of each of the component lines and summed them together
before forming the ratios. The isoelectronic and interstage
line ratios are consistent withTg, history slightly hotter than

the nominal 3-keV case, in close agreement withLth&NEX
hydrodynamics data. There is also evidence that the tempera-
ture decreases more rapidly after the end of the laser pulse
thanLASNEX predicts.

Figures 6 and 7 illustrate the relatively quickSNEX-FLY
analysis technique using data from Nova gas-bag exper
ments[25,26. Figure 6 shows hydrodynamics data from a
LASNEX gas-bag simulation. The target is a 3-mm-diam
spherical bag made of 5000-A-thick polyimide and pressur
ized at 1 atm with neopentari€sH,,). The target is illumi-
nated with 27 kJ of 0.3%2m light from 10 Nova beams in a
1-ns square pulse. Suspended along the vertical axis of the
bag is a 9um-diam C fiber coated with a 2000-A-thick TiCr Figures 8 and 9 illustrate theasNEx-DSP analysis tech-
alloy. We measured the atomic ratio of Ti to Cr in the sur-nique using data from Nova gas-filleldohlraum experi-
face layer on the fiber using x-ray fluorescence. It takes 0.5nents[27]. We modeled a gas-filleHohlraumcontaining a
ns for the laser to ionize the surrounding gas and reach th&Cr diagnostic foil usingLASNEX and postprocessed with
fiber at the center of the gas bag. The TiCr surface layer obsP. Figure &a) shows the target, consisting of a hollow Au
the fiber then heats rapidly to over 3 keV. We took prototypecylinder pressurized with 1-atm neopentaf@H,,). It is
temperatures and densities framsNEx by averaging the illuminated with 30 kJ of 0.3%m light in 10 Nova beams
central 1-mm portion of the fiber length and perfornred  with the pulse shape shown in Fig(b8. A 2000-A-thick,
calculations for nominal “flat-top’T, values ranging from 1 100-um-wide TiCr diagnostic foil is suspended on an 800-
to 5 keV [Figure &b) shows the nominal,=1 keV tem-  A-thick formvar film at the position shown. A spectrometer
perature history.For numerical reasons, a constant 100-eVmounted on a framing camera views through a hole in the Au

B. Gas-filled Hohlraum measurements

foot was added to each prototypicg| history. wall and a streaked spectrometer views through the laser
Figure 7 shows the resulting line ratios, for each scalecntrance hole.
prototypicalT, history, with experimental da{@26] superim- Figure 9 shows the results of th@sSNEX-DSP analysis.

posed. Due to the limited spectral resolution of the spectromWe used thd (Cr He™)/I (Ti Heg) ratio as aT, diagnostic,
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which exhibits close agreement between experiment and calvas included in one case and omitted in the other. The data
culation. The spatial average of thasNEX T, data for the in Fig. 10 were taken at time=1.0 ns from the beginning of
TiCr foil (182 zonepreaches a peak at 3.7 keV, which is the laser pulse. Figure () shows the configuration of one
about 25% higher than one would infer from the steady-statguadrant of theédohlraumtarget at 1 ns. The foil material in
approximation shown in Fig.(B). This is due to transient the calculation was initially placed in the path of the laser.
effects that were included in the Fig(& calculation. Tran-  The thickness of the foil was the same as in the experiment,
sients cause both line ratios to lag behind the steady-stajgt the radial extent of the foil was chosen so that the foil
values, which would result in an underestimate of the teMyontained the same mass as in the experiment. This was nec-

perature _if transientls were ignored in the (kj‘ata analyiis. Th'éssary to avoid significantly over-estimating the perturbing
underestimate would be more severe in the case where or(]-)?fects, since the experiment had only a thin strip of foil

used the interstage line ratio. while a 2D calculation would model this as a full digér
ring) of foil. The data in Figs. 10)—10b) are plotted along
the line-out path shown in Fig. 1®. The laser is incident

To evaluate the extent to which the plasma is perturbed b§fom the right.
these measurements, we repeated Lhk&NEX gas-bag and The T, perturbation shown in Fig. 1) is insignificant.
Hohlraum calculations without the diagnostic fiber or foil. The temperature of the gas region to the right of the foil is
The presence of solid material that must ablate causes pestightly higher when the foil is present because some laser
turbations inN, and flow velocity. The increase in laser ab- energy is reflected back toward this region early in the pulse
sorption and collisional coupling between electrons and ionshefore the laser burns through the foil. TNg perturbation
due to the higheiz of the Ti and Cr, causes increases inin Fig. 10(c) is also insignificant, particularly since the line
electron and ion temperature. Shocks that are launched in thiatios used in the analysis have very weak density depen-
fiber or foil also heat the ions. dence for these densities. The perturbationd jrand T, are

Figure 10 compares the results from twasNEX calcula-  larger earlier in the calculation, but the emission from the
tions, which were identical except that the diagnostic foilspectral dopants is too weak to detect experimentally at early

VI. PERTURBATIONS FROM THE FIBERS AND FOILS
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time, and we are primarily interested in the temperature durto reduced sensitivity to electron density, radiation field,
ing the flat top of the pulse for related plasma instability opacity, transients, and spatial gradients compared with con-
studies. In fact, the higher density during ablation of the fibewventional ratios. This insensitivity reduces the uncertainty
or foil is beneficial because it accelerates the ionization tranthat is introduced when nonideal effects are treated in the
sient by temporarily enhancing the collisional ionization rate.modeling and increases our confidence in the accuracy of our
We have seen this by comparimyy calculations, which analysis. By comparing our modeling results with experi-
assumeN, to be constant at £ cm 3 with calculations mental data, we find that the Nova gas bags and gas-filled
using density and corresponding temperature histories takdohlraum targets have electron temperatures of at least 3
from LASNEX calculations. keV.

The ion temperature and velocity gradient perturbations
shown in Figs. 1@) and 1Qe) reduce the optical depth of
the lines, which is usually of no consequence to the measure- ACKNOWLEDGMENTS
ment if the experiment is designed to produce optically thin ) o ]
lines. Figure 1(f) shows that there is almost no perturbation ~ \We wish to thank R. W. Lee for providing the Ration and
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thank M. D. Rosen for support and encouragement and for
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