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X-RAY SPECTRA PRODUCED BY NAF IMPLOSIONS

I. INTRODUCTION

Spatially-resolved x-ray spectra were collected for NaF plasmas produced
by imploding sodium fluoride puffs with the Naval Research Laboratory Gamble
IT pulsed power generator (1). The motivation of this work has been the
absclute measurzmznt oI e o - lncensity in cite heliuwmiline Wa 0 15 2p linc
at 11.0027 A (2) and the utilization of this x-ray line emission for resonant
photopumping of the ls-4p line in heliumlike Ne IX at 11.0003 A (3). Such a
scheme is the basis for a pulsed-powar generat-d scdium-pump/neon-lasant soft
x-ray laser.

This report presents the results of the x-ray spectral measurements . In
Section II are the line and continuum intensity values for a sodium emitting
plasma obtained in a selected NaF implosion with the Gamble II generator . :n
Section III1 the theoretical basis for plasma temperature derivation as well ac
a method for plasma density estimate are reviewed. In section IV the results
for the sodium plasma parameters determined from the recombination continuum
slopes, from sel-rted line ratios, and from the measured lowering of the
ionization thresho! e presented

I1. ABSOLUTE LINE INTENSITY MEASUREMENTS

In the current work, the absolute emissivity values were obtained for the
radiation emitted in the Na X and Na XI discrete transitions as well as for
the total x-ray emission over the spectral range, 800-1600 eV. The
interpretation of our spectra is based on the absolute line and continuum

intensity measurements. These were compared with plasma radiation theory to

Manuscnpt approved September 4, 1989. 1




dotermine the temperature and density values for the regions of intense
radiation in the interelectrode gap.

Atomic K-shell discrete transitions consist of the np--ls series of each
heiriumlike ion (F VIII and Na X) and each hydrogealike ion (F IX and Na XI).
The first lines of each ion main series are listed in Table I (wavelength A in
A units) together with the line energy in eV and the transition probability,
A.ir 1012 s°1  The 1line wavelengths for the hydrogenlike ions are taken Zrom
the computation of Garcia and Mack (4) while the lowest energy levels of the
heliumlike ions are extracted from the tables of Ermolaev and Jones (5) which
are based on refined calculations of two-electron ion states. The radiative
probabilities, A,as well as enexrgy values for the higher heliumlike levels,
were ccmputed using the atomic structure code provided by Cowan (6) althouzh
the hydrogenic values are obtained straightforwardly.

The experimental arrangement has been described previously (7)
(8). The particular spectrum analyzed here was obtained with a distance of
about 155 cm between the plasma and the KAP curved crystal and a space-
resolving slit of 0.4 mm width. With this geometry the resolution in the
plasma column is about 0.5 cm for the 4 cm interelectrode gap.The collected
spectrum photograph is shown in Fig. 1 with the sodium major transitions
indicated. The plasma image recorded by the spectrograph corresponds to a
plasma column 3.5 cm long in the 4 cm interelectrode gap, in agreement with
the pinhole image.
The measured absolute intensity values are given in Table II for several
transitions of each ion . The line intensities were derived at three different
locations in the interelectrode gap indicated in the first coiumn. However,

the tabulated values correspond to the total energy radiated by the whole 3.5
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cm long plasma column regarded as uniform. The corresponding tocal encrgy
radiated between 1100 and 1560 eV in this implosion is of the order of 259

joules. Tor  this particular implosion there 1is disagreement between

s

1

spectral observations and the tiltered XRD diagno:ric. The latter is a tactor

s 2 hilgner.

FiX Na X Na XI

1.0 15 keV

nonoie

Figare 1. X-rav spectyum from a NaF iwplosion. T

orresponds Lo the top of the gpectral lines.




Distance He-a He -8 He-vy L-a L-3

from nozzle {(cm)

0 26 10 6 34 a
|
1.6 56 16 8 84.5 12
3.2 32 8.5 3 46.5 7
S A J

IIT. PLASMA THERMODYNAMICS
A. Temperature Estimates

To estimate the plasma electron temperature, a standard spectroscopic
method relies on measuring the recombination continuum "slope" using a log
intensity plot versus photon energy.

The plasma electron temperature may also be derived from equating
temperature-dependent theoretical line ratios to observed ones. The latter
are derived from spectral traces, such as the one presented in Fig. 2, where
the energy radiated in a given discrete transition is obtained by summing the
intensity values over the line profile. Details for this derivation are given
in Ref. 7. The trace shown in Fig. 2 is the average of eight scans performed

along the entire spectral-line length.
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Figure 2. Absolute spectral intensity showing sodium heliumlike and
hydrogenlike transitions (plus a few fluorine lines).On the vertical axis
absolute intensities (on a linear scale) are to be multiplied by a gcometrv
factor of 7.

To calculate line 1ntensities, oiie c¢uvili0unes the pooblem of describing rhe
distribution of the ions among the various stages of ionization in abundance
and, among the various excited levels of each ion. Various plasma ionization
models are commonly used (9) with accepeed colieric o Lozl -hilinwv. We
shall restrict ourselves here, to a few line-intensity ratio predictions using
different ionization equilibria according to the pair of excited levels
involved in the ratio. In the three cases considered below the corresponding
assumptions will be justified. In all cases, the predictions will be made

assuming a large probability of escape through the plasma for the photons,

i.e., in the so-called optically thin approximation.




U Thermodvnamic equiiibrium

Two discrete levels n. n’ on < on’1 can be considered o he i cherma.
aqui.iorium ir the electronic density, M., in the plasma reaches the value
1 T 2
N T + . L3
‘\‘t’ > 1 10+ ‘Vre-(\_En n''
for Ny in em ., and plasma temperatuve. T., and energy level dificrence
~ . in eV, For all the levels of Na X and Na 1 lons with o » 0. i, o'

30 eV so for an "equilibrium" T, < 300 eV, we can assume Bo.limann popii. i-

tions for the sodium np ilevels {except for n=2 : provided:
.
N ~ 1 3 TNes
No 2 1.2 1

72y Collisiorally-dominated equilibrium
It is reasonable to consider that the n=2 levels are mainiv populated
#lectron-collisional excitation £from the ground state

"coronal limit" equilibrium is wvalid for electron densities smailer than

N owith:
2 M .
LR A—n]
“* n
N -
e <O v
with: i lower state, n excited state, Apj radiative probabvilicy, < on_ e
v . . - . 3,

collisional deexcitation rate from level n to ground statc in cm”'s. For
these rates we used the parametric derivation of Sobelman, et al. (Ref. o

212) in the Coulomb-Born approximation. For the 2p level of the Na XI and ¥
. * . PR . . -
[X ions the No value is always higher than solid density for T, < 230 eV.
With this model the line intensity (a and 8 transitions) is simplv:

A
n- L ,
In-1 = hv x Ng nj < o, .3 v>« 1)

2. AL
i

the last factor being -1 for the 2p levels. N, is the electron densitv {cm” "




and ns 1s the  umber of fons fn the ground state. The line [ntensizv Iis

as the transition energy (hw! per second.

eNpPYesse . . the same unicts
This “"covronal” approximation is reasonable to predict the a line intensi-

“ivs, rer small optical depths in these rransitions.

Collisional-radiative equilibrium {2p and 3d levels:

N rates of hvdror-

iking characteristic of the collisional excitatio

ensike ifons is the much larger magritude of the 2p to Id rate compared <o '

sthier rates 2 for plasma temperatures in the range 2U0-300 ¢ This allows

i 3.mpl.e description of the steadv-state population distribution beTwen:

n= and n=3 levels of Na X1. This procedure is ‘ustified In o plasma wi

“emperature around 300 eV and for electron densities in excess of Ixlu-- or
collisional excitation of the 3p ir T

secause berow this wvalue,

zround state becomes predominant. With these conditions and neglectins

ionization and recombination rates, we mayv include simplv 2p-2d collisional

excization and de-excitation processes and radiative decavs The ratio o “hw

ties of L-a to L-8 is thus written:

J— — Ry—rc‘z_l+'y)

‘epresents departure from local-thermodvnamic equilibrinm

whnere the factor vy re
-y

72
(pe]

3 Joo

(T in eV) and:

( 228.7 + 0.418 T

k 228.7 + T

we have used exciration rate parameters from Ref. 9; the electron density is

2 2 R .
y kw1090 ¢=? and the plasma electron temperature, T. is in e,

L-a . . . . P e s s
intensity ratios for Na ®I with this




model . These ratios were evalulated for temberatures of 700, O anl
~ - - 221 - 21 -1
and for densities of 3x10<* and 5%x10<* cm
e e o . Lo . . . 1il-a: . R
Table 771 Predicted line intensitv ratios. Cotar Mool
TiL-g0
T eV 200 230 :
............. . T T T T DU P |
l
. i i
3 14,3 12 |
k '.
1
S 12 10 o
B. Dbensityv Estimates
The Coulomb interaction that binds the nucleus to the e G e T

an excited ion, mav be screened by the surrounding ions and iree =lecov
a dense plasma. A major perturbation caused by this screening G0
Hickel 1923) is the lowering of the ionization limit and the cunatd o

number of bound states. In the sodium spectra, we observed « viear aivaro

the 1s np series limit for both Na X and Na XI ions with the

level corresponding to n=7 or n=8. This is displaved in Flg  wne
measured ionization potentials for Na X perturbed by iloniz ov wloooy

pressure are indicated.

IV. RESULTS: Sodium plasma parameters
A) Plasma temperature range

1. Continuum slope measurements

We have determined the plasma temperature from the recombination contimiu




slopc at the end of the Na X series.The recombination continua are noticeable
at the end of both the Na X and ¢ XI series (see Fig. 1). Fig.3 chows three
spectral traces in the region of the Na X r-~combination continuum
corresponding tc three different regions in the plasma . The iatensity is
plotred on a log scale so that the different slopes reflect the temperarture
variation. Linear fits to the continu u: intensities are shown in thiz ficure.

The continuwe slope lor the Na X continuvim was measured because it is
more interse. Depending on the position along the spectral “‘mage, we ohtaired

temperatures varying from 210 to 290 eV. The higliest corresponds te the region

>

™

of mest intense line radi-tion locat=d about 1.6 cm from the nozzle for :n
particular implosion analyzed here . The lowest temperature corresponds to the
region of most intense continuum rnission criginating tiom a clearlv different
location in the plesma column located 1.2 cm from the nozzle (see Fig. 5b)
This continuum emission appears as a band across the spectrum (see Fig. 1)
and seems to corespona to a very small spot-like,volume of nlasma . Also,
another continuum emitting volume of minimum size appears adjacent to the
nozzle.

Since the continuum radiation emission coefficient is proportional to the
electron density square we estimate the density ratio between two regions of
the plasua from the square root of the experimental ratio between the emissicn
coefficients. Thus, we derive a density ratio of about 1.4 btetween <he
regions of peak continuum emission (Fig. 3b) and of maximum line radiation
(Fig. 3c). This ratio is about the same as the reciprocal of the temperature
ratio derived from the same plasma regions, indicatirg that the product Ng.T

remains reasonably constant along the plasma, as described by Bennett’'s

<quation for magnetic pinches at equilibrium.

10




the x-ray lines.

LOG INTENSITY {eV/sr-eV)

40

[ 24

(a) Te =250 eV

39~

40-
. B - (b) T, =210 eV
9. ‘
40 -
(c) T,=290 eV
39»

1400 1450 1500 1550 1600 1650
ENERGY (eV)

Three processed scans from a spatially resolved spectrogram are
Each scan corresponds to a different plasma region:
nozzle, b) at 1.2 cm from nozzle, c¢) at 1.6 cm from nozzle. The natural log of
the intensity versus photon energy is fitted linearly to the continuum between
Plasma temperatures (T,) are derived from the continuum

i1

a) adjacent to



2.) Line intensity ratios

In the region of most intense line radiation we note the relatively high

intensity of the ls - np series high n members for both ions . Values of line
ratios for any two consecutive members appear lower than expected. For
L-a

example, the ratio varies from 7 to ¢ in the electrode gap and decreases

L-3
o as low as 4.5 near the nozzle compared to predicted values of 9 to 12 (see
Table III ). These values seem to indicate that, in the dense plasma regions,
the line intensities are affected by time-dependent ion populations. In the

region of intense continuum radiation the plasma density may be high enough

(see below Sectio III C) to preclude coronal equilibrium or even 2p-3d CRE

L-a

(see above section III A). The largest ratios for of 7 to 9 correspond
L-8

to temperatures in the range 220 - 290 eV with the LTE assumption, in general

agreement with the preceeding observations.

2 — 1lsnp series,

The intensity of the higher members of the Na X ls
namely n=4 and n=5 was compared to L-a to derive very temperature - sensitive
ratios for the L-a to He-y or L-a to He-§ lines. Here, we assume that these
nn levels are in thermal equilibrium with the 1ls level of Na XI and we use eq

(1) to derive the L-a 1line intensity.

We obtain the following predicted line intensity ratios

- 1321

I (L-a ) T
_ i) T e
I (He-v)
and
- 1290.5
I (L-a ) T
—_— 4. 28 T e
T (He-6)
12




L -
which allow an estimate of the temperature, T, by iteration. Measured i

He - v
ratios 1imply temperatures between 270 and 310 eV in the plasma near the
nozzle. The minimum temperature is again ascribed to a region about 1 cm from
the nozzl but appears higher than the lowest value obtained from the
continumn slope, probably due to the limited spatial resolution in the plasma.

As mentioned above, the continuum-emiting regions appear to be of very small

dimensions compared to the regions responsible for intense line radiation.
L-a

Tes ratios are consistent with the

Temperatures deduced from the

preceeding ones but are less accurate due to the weak intensity of the He-$§
line.
B) Ratios of ion populations
1.) Ratio of L-a and He-a line intensity
Using eq (1) to describe both a line intensities in the so-called
"coronal" approximation we obtain

- 109.56
I (L-a) Nj4) 1.28 T

1 (He-a) nj 0.59

where nj;, and nj; are the number of Na XI and Na X ions in their ground

state,respectively,and the temperature, T, is in eV.

i+

The population ratio computed from the experimental values of the

ns
i

a line ratio 1is close to 1 in the four plasma regions recorded on the nozzle

sid-; the plasma temperature 1is taken from the continuum slope

measurements. As a comparison point we note that in another NaF implosion

with a comparable plasma temperature but a smaller a line intensity ratio,

13




Di+y
the computed

ratlio was only around 0.5.
ni
2.) Na XI np level populations:

From the ls — np transition energy and radiative probability values for
the Na XI ion ( Table I), it is straightforward to obtain the relative
populations of the np levels, in the optically thin case. All np levels with
n > 3 appear almost equally populated with a slight minimum for the 3p one.
The 2p level population is only about 2 to 2.5 times larger than that of the
upper levels. It appears, again, that these population ratios could be
accounted for with a model based on time-dependent plasma densities.

C) Plasma density range

From the traces obtained for the two regions of maximum continuum
intensity we observed a largely depressed 1ionization potential from the
electron pressure. Estimating conservatively from spectral traces such as the
ones in Fig. 3, that the ionization limit is lowered to around 1450 eV while
the theoretical one is at 1465 eV for Na X ions, we derived an estimate for
the electron density using the formulation of Stewart and Pyatt (11).

A large value for the "local" density is found of the order of 3 to 4

1021 cm "3, Again high electron densities seem to occur in spots of smaller

dimension than the 5 mm spatial resolution.

V. CONCLUSIONS

Implosions of NaF plasmas with the Gamble II generator have produced from
40 to more than 400 joules in the Na X He-a transition. We have attempted to
characterize the NaF plasma in terms of the temperature and density in the

most intense radiative regions: the temperatures are in the range 210-300 eV

14




near the nozzle and there is evidence for minute spots of high electron

density around 3 or 4 102! cm”3.
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