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Abstract DEBS 009748

Spectra of the n=3 to n=2 transitions in neon-like silver emitted from
the Princeton Large Torus have been recorded with a high-resolution Bragg-
crystal spectrometer. The measurements cover the wavelength region 3.3—
4.1 A and include the forbidden 3p — 2p electric quadrupole lines. Transi-
tions in the adjacent sodium-like, megnesium-like, and aluminum-like charge
states of silver have also been ohserved and identified. The Ly-a spectra of
hydrogen-like argon and iron, the Ka spectra of helium-like argon, pctas-
sium, manganese, and iron, and the K3 spectrum of helium-like argon fall in
the same wavelength region in first or second order and have been measured

- concurrently. These spectra provide a coherent set of wavelength reference
data obtained with the same spectrometer and from the same tokamak. This
set is used as a basis to compare wavelength predictions for ove- and two-
electron systems to each other and to determine the transition energies of

" the silver lines with great accuracy.
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1. Intrsduction

Due ta the closed-shell configuration, the neon-like charge state is rel-
atively stable, and consequently is the dominant charge state over a wide
range of plasma parameters. As a result, neon-like jons of medium and high
Z are present in a variety of high temperature plasma sources. Strong line
radiation involving the n=3 to n=2 transitions in neon-like ions has been
observed from tokamaks,’™ laser-produced plasmas,># gas puff z-pinches,?
exploding wires,!° vacuuni sparks,!! and the solar atmosphere.}2-15

The properties of neon-like ions suggest their use for diagnostic purposes.
In tokamaks, for example, neon-like jons are employed to study transport
and confinement of high-Z impurity ions.'®"'* Spectra from neon-like systems
may also provide diagnostic information!®
electron density, charge state abundances, or ion temperature. similar to the
diagnostic applications of helium-like systems.?*

on plasma electron temperature,

Recent experiments have demonstrated amplification and lasing in the
soft x-ray region based on an electron-collisionzl excitation scheme involving
neon-like ions.***® A population inversion was achieved between the 2p°3p
and 2p°3s levels in neon-like selenium (Z=34) by making use of the fact
that the radiative decay rates to the 2p® ground state are vastly different
for the two levels due to tie dipole selection rules. Subsequent experiments
using yttrium (Z=39) and molvhdenum (Z=42) have extended this scheme
to elements of higher Z and obtained lasing at shorter wavelengths. For an
understanding of these experiments, accurate determinations of the energy
levels and the excitation mechanisms are important.

In this paper we present high resolution spectra of the n=3 to n=2 tran-
sitions in neon-like silver (Z=4T7) from tokamak discharges in the Prince-
ton Large Torus {PLT). The PLT plasmas have electron densities around
3 x 10*3%cm~2 and electron temperatures around 3 keV. At these densities
collisions are unimportant in depopulating the excited states of the silver
ions. Consequently, the spectra are measured in a weak collisicnal limit.
The observations inciude six allowed electric dipole ( E1) transitions between
the {2s2p%3p)y-1. (2572p°3s)so1, and (25°2p°3d),; upper states and the
{25°2p®) ;=0 ground state and the three forbidden electric quadrupole (E2)
transitions hetween the (25%2p°3p) ;=2 upper states and the ground state. We
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Lave used the observation of the latter transitions io obtain the intrashell en-
ergy level differences of interest in soft x-ray lasing schemes, The observation
of E2 transitions in neon-like systems has been reported for the first time
only very recently from heam-foil experiments.” Our observations also in-.
clude the magnetic quadrupole {M2) transition between the ( 2p5/2381/2)0=2
upper state and the ground state. Due to its small decay rate the M2 tran-
sition cannot be observed in beam-foil experiments, nor can it be ohserved
in high density laser-produced or z-pinch plasmas hecause of the collisional
deexcitation of the (2p5,,3s1/2),=2 level. This line provides additional infor-
mation on intrashell transitions, and has heen of interest in astrophysics.!>15
We have also observed satellite lines situated on the long wavelength side of
the neon-like E1 transitions. These lines have been identified as n=3 to n=2
transitions in sodium-like, lllagngsxum -like, and aluminum-like silver.

Silver represents the element with the highest Z which has been observed
in its neon-like charge state in a tokamak. Previously, the highest Z element
in the neon-like isoelectronic sequence observed in a tokamak was molybde-
num (Z=42).* Apart from tokamak observations, x-ray spectra of elements
in the neon-like isoelectronic sequence as high as xenon (Z=54) have been
measured in laser-produced plasmas® and from beam-foil interactions.” X-
ray spectra of neon-like silver have heen reported first from an exploding
wire source'® and, more recently, from a low inductance vacuum spark.!

As wavelength references we have recorded the Lyman « lines of hydro-
genic argon, and the Aa and the AF lines of helium-iike argon. In addi-
tion, the spectra of helium-like potassium, of helium-like manganese, and
of helium-like and hydrogen-like iron have been observed in the wavelength
range of interest, in either first or second order. These spectra are also pre-
sented. Together with the argon lines these measurements form a coherent
set of atomic data which have been obtained with the same spectrometer and
crystal and from the same tokamak. This set of data allows us to measure
the silver lines with great accuracy. Accurate measurements are especially
important for many-electron systems, such as those of neon-like or sodium-
like fons, because multieiectron and quantum electrodynamical effects can
reduce the accuracy of the wavelength calculations considerably. The set
of wavelength data also allows us to compare the theoretical predictions for
one- and two-electron systems to each other using the experimental results
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as 2 basis, and a small disparity between wavelength predictions from one-
and two-electron calculations has been ohserved.

2. Experimental Arrangement

The observed spectra are recorded from PLT plasma discharges with a
Johann-type crystal spectrometer shown in Fig. 1. This spectrometer pro-
vides very high spectral resolution and is used to measure the plasma ion tem-
perature via Doppler broadening of the resonance line of helium-like iron.*”
A detailed description of the hasic properties of tle spectrometer is given in
Ref. 28.

For the present experiment the spectrometer has been modified in order to
access the wavelength region between 3.3500 and 4.1000 A. The spectrometer
uses a 6-in.x 1.5-in.x0.03-in. quartz crystal which has heeu hent to a radius
of curvature of 276 cm. The crystal is cut parallel to the 1120 plane. The
2d,, spacing of this crystal plane is equal to the lattice constant ag = 4.913 A
at 25° C.*® A multiwire proportional counter with a sensitive area of 10 x 18
cm? is emiployed to record the spectra. The counter is filled with a mixture of
90% krypton and 10% carbon dioxide. This gas mixture results in a constant
detection efficiency over the observed range of photon energies. Adjustahble
lead apertures are placed in front of the crystal in order to limit the count
rate to < 5 x 10° photons/sec. In our experiment, the illuminated length
of the crystal was varied between 4 ciy and 9 cm depending on discharge
conditions.

The resolving power A/AM of the spectrometer is about 3000 at A = 4.0
A. This value is comparable Lo the values corresponding to the Doppler-
broadened line widtlL -vhich are A/AX = 3000 for argon and A/ AN = 5000 for
silver at a typical ion temperature of 1 keV. Thus the resoluttion in our setup
is approximately 5 times poorer than the resolution during the operation as
an ion temperature diagnostic.*” This is due to the fact that in the present
case the Bragg angle is 50° (instead of 65°) and the radius of curvature of the
crystal is 276 cm (instead of 333 ecm). The reduction in the resclution to a
value comparable to that of the Doppler line width is a necessary compromise
in order to adjust to the large dispersion range required for the recording of
neon-like spectra. The wavelength interval which can be observed with one
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setting of the spectrometer is approximately 0.20 A wide and is Iimited by the
size of the viewing port on PLT. In order to record the full wavelength range
of interest between 3.3 and 4.1 A, a minimum number of four alignments of
the spectrometer is necessary. In the preseni experiment, the spectrometer
was realigned to different Bragg angles a total of eight times. This allowed
us to recerd spectra which partially overlap. Since the alignment of the
spectrometer could be changed ouly hetween PLT run days, the different
settings of the spectrometer correspond to dischatges from different days.
The experimental conditions are thus not exactly the same for all of the silver
spectra ohserved. As a result, the intensity ratios of silver lines recorded in
different settings are not very reliable.

3. Hydrogen-like and Helium-like Spectra

Hyvdrogenic and helium-like ions are the simplest atomic systems, and
their wavelengths are theoretically known to a high degree of accuracy. The
resonance lines of these ions are therefore well suited as references for mea-
suring the wavelengths of lines emitted from more complex systems.

In the wavelength region investigated we have observed several hydrogen-
like and helium-like spectra. These include the Ly-a spectra of argon and
iron, and the Ka spectra of helium-like argon, potassium, manganese, and
iron. We have also observed the K3 spectrum of helium-like argon. A
schematic overview of the location of these spectra in the spectral range
investigated is shown in Fig. 2. Note that the spectra of manganese and iron
have been obtained in second order Bragg reflection. The various spectra
are shown in Figs. 3-7. Here we use the labels w, 2, y, and = introduced by
Gabriel®® to denote the transitions 1s2p ' Pj, 1s2p 2Ps, 1s2p 2Py, and 1525 385,
to the 1s? 'S, ground state, respectively.

The spectra of iron, manganese, and potassium were observed without
deliberately introducing these elements inte the plasma for spectroscopic
purposes. Iron is indigenous to PLT tokamak plasmas, and its presence
results from sputtering of the stainless steel vacuwn vessel. The presence of
potassium and manganese in the plasma was unexpected. The origin of the
manganese could be traced to the solder used iu the sonnection hetween the
ceramic break and the vacuum vessel. The origin of the potassium, however,
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remains unknown. The argon was deliberately introduced into the plasma
in order to obtain additional wavelength references in the form of the argon
Ly-a and the helium-like K'a and K3 resonance lines.

Experimental and theoretical wavelengths for the observed helium-like
lines are given in Table . The cbserved Ly-a lines are listed in Table II. The
measured wavelengths are rounded to the nearest multiple of 5x 10~° A. The
theoretical values were taken from Vainshtein and Safronova3! fhelium-like
lines} and Mohr*® (hydrogen-like lines). The lines with wavelength n) >
3.900 A, where n is the order of diffraction in which the line is chserved, are
normalized to the theoretical value of 3.94921 A of the line w of helium-like
argon as calculated by Vainshtein and Safronova. For lines with wavelength
nA <7 3.900 A we use the line 1w of helium-like iron as a reference. Its value is
set to A = 1.85048 A, as also calculated by Vainshtein and Safronova. Two
lines of reference are necessary for our measurement, because the separation
between the line = of iron in second order and line w of argon is larger than
the spectral range that can he ohserved with our spectrameter in one setting.
Also, the region between the line = of iron and the line w of argon is devoid
of other sirong lines which could have served as a reference to interconnect
the regions ahove and helow 3.900 A(see Fig. 2).

The wavelength »\ of a given line has been determnined from Bragg’s
law3?

n\ = 2do(1 — (2d)26/n2)\2) sin @ (1)
where n is the order of diffraction, & is the Bragg angle, and 4 is the deviation
of the index of refraction fromn unity. The value of §/22 is taken to be
independent of wavelength and equal to 3.64 x 10~% A~ for quartz.®

The Bragg.angle 8 of a line whose center position is ohserved in channel
N is given by

8 = 8, + arctan{(N. -~ N)Azx/D), (2)
where 6. is the Bragg angle corresponding to the central channel number N,
of the deiector. Ax is the distance between two adjacent channels, and D is
the distance between crystal and detector. The arctangent is used because
the detector is oriented perpendicular to the line connecting the crystal and
the center of the detector, and not tangent to the Rowland circle (see Fig. 1).

The center position of a line is obtained from a least squares fit of a single
Voigt function to the experimental data. This Voigt fit is shown in Fig. 8
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for the Ly-a, line of argon. The ranges of data points used for the fit and
the background determination are indicated in the figure, Due to the good
counting statistics the statistical error for the center position of the line is
only 0.015 channels (approximately 6 pA), as given by the least squares anal-
ysis. Any line, however, may contain contributions from unresolved satellites
produced by the dielectronic capture of an electron inio an atomic level with
quantvm number n>3.%3%3 These unresolved satellites occur mainly on the
long wavelength side and, in eflect, increase the observed wavelength of the
apparent resonance line. The magnitude of these satellites increases as Z*
and is temperature dependent. Hence, the presence of these satellites places
an upper limit on the experimental certainty with which the wavelength of
a given transition can be determined from a single Voigt function fit. A
detailed description of this eflect has been given in Ref. 23, where the wave-
length shift of the apparent K« line of helium-like titaninm was studied as
a function of electron and ion temperatures and fitling limits. In this case,
a wavelength shift of 0.1 mA was found at electron and jon temperatures of
1 keV.® Changing the fitting limits for the spectrum shown in Fig. 8 from a
to b changes the value of the ceuter position of the Ly-a; line by 0.07 chan-
nels. In addition, the value of the center position has heen found to vaty
between sets of data from different time intervals or from different discharges
- and thus different discharge conditions - by as much as 0.1 channel (40
zA). Error analyses for the center positions of the lines of the other elements
lisied in Tables I and Il give similar results as the error analysis for the Ly-a;
line of argon. The uncertainties are slightly higher for those lines for which
the counting statistics are not as good as those of the argon lines. For the
weakest lines the uncertainty in determining the center positions is about
1x 107 A.

Once the channel number corresponding to the center position of a line
is known, its wavelength is determined with respect to a reference line using
Eqs. (1) and (2). Thus the experimental error of our wavelength measure-
ments also depends on the value of Az/D. Due to the finite thickness of the
detector the value of D is slightly different for lines detected in first or second
order. Photons detected in first order have lower energy and are absorbed by
the detector gas sooner than photons detected in second order. The corre-
sponding systematic difference in the effective distance D hetween first and
second order is estimated to be 3 nun and has heen taken into account. The
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absolute value of Ax/D is known to within 2.5 x 1072, The uncertainty of
the measured wavelength separation hetween two nearby lines, say w and
y, which results from the uncertainty in Az/D, is about 5 x 1073 A, but it
is larger for wavelengths which are further apart. The accuracy of the lines
measured in second order is twice that of the lines measured in first order.
The experimental wavelengths listed in Tables I and II have bheen rounded
to multiples of 5 x 1073 A, i.e., the accuracy to which the center position of
most lines is known. The experimental wavelengths obtained with different
spectrometer settings have been reproducible to within 0.1 mA.

The measured wavelengths are found to he in good agreemert with the
theoretical values. Looking at the helium-like lines we note that the agree-
ment is almost perfect for the lines w and A'3. The line farthest away from a
reference line is the line K3 of helium-like argon. Despite this separation its
experimental wavelength differs from the theoretical wavelength calculated
by Vainshtein and Safronova® only by 0.1 mA. Good agreement between our
measurements and the values given in Ref. 31 is also found for the lines =
and y, and the line = of the high-Z elements. although some discrepancies
can be noted. The largest discrepancy exists for the live = of helium-like
manganese. Here A(nA) is approximately 0.3 mA. The recent calculations
by Vaiushtein and Safronova® agree with our measurements of the relative
spacings of the lines w, z, y, and = much more closely than earlier calcula-
tions by Safronova® where Lamb shifts had heen neglected. We also would
like to point out the fact that the determination of the wavelength of the
line = of argon and potassium is not very certain hecause the satellite j is
blended with the line = for elements with Z < 20.

The measured values of the Ly-a lines of argon and irou, again using the
theoretical value calculated by Vainshtein and Safronova for line w of iron as
a reference, are found to be longer than the values predicted by Mohr.** The
discrepancy A(nl) is approximately 0.4 mA for the lines of both elements and
is larger than the estimate for our experimental uncertainty. Preswning that
the wavelengths of the one-electron systems can be calculated with the hetter
accuracy than those of helium-like ions, this discrepancy might indicate that
the theoretical wavelengths predicted by Vainshtein and Safronova® for two-
electron systems are somewhat too long. Absolute measurements of the
wavelengths of the lines of hydrogen-like argon and iron and of heliun-like
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argon have heen performed by Briand et ol.®* Unfortunately, the accuracy
of these measurements of +£0.3 mA is insufficient to resolve this question.

The data in Tables I and II represent a coherent set of wavelength data
observed with the same spectrometer, the same crystal, and from the same
tokamak, similar to a set of data from the TFR tokamak reported recently
for heliuni-like argon, scandium, vanadium, chromium, and manganese.”
We have arbitrarily chosen the lines w of argon and iron as reference lines,
and we have arbitrarily normalized our wavelengtl: measurements to the
theoretical values calculated in Ref. 31. However, one may equally well
choose different helium-like K'e or hydrogen-like Ly-e lines in our spectral
range as reference for our experimental wavelengths. The close and consistent
agreement found between our measurements and the theoretical predictions
makes us confident that we can use these data to determine the wavelengths
of the silver lines with similarly high accuracy. Since every silver line is close
to a strong hydrogen- or helimin-like reference line, as seen in Fig. 2, errors
which are caused by uncertaiuties in the dispersion of the spectrometer can
be minimized to < 0.15 mA. The measurements of the silver lines will be

discussed in the next section.

4. Silver Spectra

The silver was injected into the plasma via laser blow-off** during the
quasi-steady-state phase of the discharge. The amounts of silver introduced
were always kept at a level which did not cause a significant perturbation of
the major plasma parameters such as electron temperature and densityv.?® A
minimun central electron temperature of approximatelv 2.4 keV was found
to be neccessary to observe silver in the neon-like charge state. For most
of the data the central elertron temperature is in the range of 2.4-3.0 keV.
Some data was obtained from lower hiybrid-heated discharges at somewhat
higher electron temperatures. The central electron density varies between
1.5-5.0%10" cm~2. Peak line emission levels are attained about 40 msec
after the silver injection. During this time the silver penetrates to the center
of the plasma, while ionizing to the neon-like charge state. The line emission
levels then drop as the silver exits the plasma diffusively and adheres to
the limiter and the vacuum vessel. Ahoui 150-200 msec after the injection,
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depending on the amount of silver injected and the discharge conditions,
the silver line emission decreases to a level at which the lines blend with
the background from the Bremsstrahlung and recombination continuum and
cannot he observed anymiore.

Typical spectra observed hefore and after laser blow-ofl injection are
shown in Fig. 9. In the case shown, the laser was fired at 630 msec. Each of
the two spectra is obtained by integrating the x-ray flux for a 50-msec tim=
interval. In order to improve statistics we have added data from ten similar
discharges together. The statistics can be improved further by adding two
or three subsequent time groups, each of which is 50 msec long. The result
of this is, of course, the same as integrating the x-ray flux over the 150-200-
msec interval after injection. Usually, 2 comparison between the two spectra
tzken hefore and after injecticn readily identifies the silver lines. However,
this is not always the case. In particular, silver lines which are located in
the wavelength region dominated by the Ko spectrum of helium-like iron
cannot he identified as easily. This region is shown in detail in Fig, 10. In
order to identify these lines we subtract a “background” iron spectrum from
the spectrum containing the silver lines. As background spectra, one may
use the spectra recorded just hefore the silver injection. However, we have
ohtained best results by using spectra which have heen recorded at the same
time in the discharge and for similar plasima conditions but without silver
injection. The intensitiss of the spectrum containing the silver lines and the
background spectrum are normalized to each ciher before subtraction. For
the case shown we have nsed the line = of heliume-like iron for normalization.
The result of the subtraction is also shown in Fig. 10. The ratios of the vari-
ous iron lines in a given spectrum may depend on a variety of factors such as
the electron temperature and the presence of otlier impurities including sil-
ver. (C'f. Fig. 4 which shows an iron spectrum recorded from discharges with
higher electron temperatures than the spectrum in Fig. 10.) Therefore, the
exact appearance of the spectrum resulting from such a subtraction is sensi-
tive to which line or set of lines is used to normalize the lutensities of hoth
spectra to each other. In some cases certain iron lines may be subtracted
too much, and some lines too little, which may result in the appearance of
“ghost” lines, the magnitude of which may he comparable to that of weak
silver lines. Looking at Fig. 10 we note that tlie spectrum resulting from
the subtraction reveals four well-resolved lines which a-» marked 1 through
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4 in the figure. We olso note a vaviety of smaller features, three of which
are marked 4, B, and (. In addition, we find that the subtraction has re-
sulted in a general inc.ease in the apparent noise level in the spectrum. We
have repcated the snhtraciion using different lines for normalization, differ-
ent background spectrz, and different injection data. As a result, we vre
confident that the four lines 1—4 are siiver lines (cf. Fig. 13)., The nature of
the other features remains uncertain, although we believe theyr are a result
of the subtraction process, i.e., “ghost” lines.

In Figs. 11-14 we show the full spectral range cf the silver data oh-
tained in the present experiment. The figures cover the wavelength region
A = 3.36—4.10 A. The spectra arising from other plasma impurities have
been subtracted out in order to eliminate a confusing amount of spectral
features in these figures. The region which contained the Aa spectrum of
helium-like iron has heen hatched (Figs. 12 and 13). Since the subtraction
increases the noise levei, we have, for clarity, plotted all lines identified as
stilver lines with a Voigt functisn fit superimposed onto them. In [Migs. 11-
14, the experimental data are also compared to theoretical predictions for
sodium-like, magnesiuui-like, and aluminum-like transitions. In the figures
we have labeled the neon-like lines with upper case letters. In particniar,
the E1 transitions are labeled 34—3(, according to the notation used in
Ref. 44, and the electric and magnetic quadrupole transitions are labeled E2
and M2, respectively. Sodium-like lines are labeled with lower case Foman
letlers, Magnesium-like and aluminum-like lines are labeled with numbers
and Greek letters, respectively. An asterisk or bar is used to distinguish the
several types of transitions we considered. We compared our measured line
positions with wavelengths from ab initio calenlations. This, in conjunction
with a qualitative understandiug of the intensities, was the basis for our iden-
tifications. For all charge states, Ag™* to Ag™*, we have used wavelengths
and oscillator strengths calculated from a relativistic atomic structure code
{RAC). This program calculates sell-consistent Dirac-Fock ¢ .bitals from an
average-configuration potential including exchange. For each charge state,
we included several configurations in the diagonalization for the eigenstates
in order to get the wavelengths and oscillator strengths to good accuracy.
The amount of configuration interaction included for the calculation of each
charge state differed. In some cases we were not able to include all mixings
hetween configurations in the same spectroscopic complex. The necessary



computer memory and cpu time increases as the number of electrons in the
n=3 shell increases. For the neon-like charge state, however, we easily could
take into account all configurations in the n=3 and n=4 complex.

In the next section we discuss the transitions in the neon-like charge state.
Here we also describe a simple intensity calculation which we have used to
corroborate the identifications of the weaker neon-i.ke transitions. In the
subsequent sections we identify the remaining strong features of thr silver
spectrum as particular transitions from the lower charge states.

4.1. Neon-like Lines

The neon-like lines are the most readily identifiable M- to L-shell transi-
tions. Lonking at Figs. 11-14 the most prominent lines seen are the neon-like
electric dipole transitions between the (2p°3s};-; and the (2p°3d),-; upper
states and the (2p®)_p ground state. These lines are labeled 3¢ through
3G. These lines have also been the most prominent features in the spectra
reported previously,”!® including the spectra of silver ohained by Burkhal-
ter et al. from an exploding wire plasma source'® and hy Aglitzki ef al. from
a low inductance vacuwr: spark source.’* One of the lines, 3E, at A = 3.7598
A is labeled in parenthesis; this line, the transition (2p5 /23d3/3 )Jy=; to the
ground state, is predicted to be very weak. and the strong line seen is most,
likely due to ihe strong transition (2p3;,35%3ds/2)s=1 to the ground state in
magnesium-like silver (see Section 4.2.3). Two weaker electric dipole lines,
labeled 34 and 3B, are also seen. These lines are due to the transitions from
the (2s2p"3p) -, upper states to the ground state. .

Another prominent feature, seen in Fig. 14, is the magnetic quadrupole
line, Jabeled M2, at A=4.0245 A. It originates from the state ('2;;:5,/2351 j2)u=a
which is the lowest excited state in neon-like silver. According to our calcula-
tions, the radiative decay rate of this state is 8.0x 107sec™*. Hence. significant
depopulation of this state by collisions occurs at electron densities above the
threshold of approximately 8 x 10'% cn~3. Previous observations of neon-like
silver'®! have heeu made from plasmas with electron densities above this
value, and this transition has, therefore, not lreen observed. The M2 tran-
sition has also not been observed in beam-foil experiments, since the ions
move outside of the detection area before appreciable radiative decay takes
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place.

The features labeled E2 in Figs. 12-14, which are situated at 3.6611,
3.8627, and 3.9250 A, respectively, have heen identified as the three forbid-
den electric quadrupole transitions from the (2p°3p)s=2 configuration to the
ground state. These features are weak, and one is barely resolved from the
background. Nevertheless, the lines have heen observed consistently in each
discharge with strong siiver injection. We note that none of the E2 lines are
located in a spectral region dominated hy line emission of other the impuri-
ties in PLT plasmas (see Fig. 2). The observed intensities of these lines are
also consistent with the values predicted by our modelling calculations, and
we have checked for lines of other ions in this wavelength range. Transitions
from fluorine-like silver or from lower charge states do not occur in the inime-
ate vicinity of the E2 transitions ai 3.6611 and 3.9250 A. Two very weak
magnesium-like lines (see features 13 and 14 in Fig. 12) are predicted near
3.8627 A. Identification of the E2 transition at this wavelength is, therefore,
less certain.

The measured wevelengths of the neon-like transitions are listed in Ta-
ble TI1. An error analysis similar to the one described in the previous section
vields an uncertainty of +0.1 mA. This correspands to an accuracy of AM /A =
1:20000 for most wavelengths. The uncertainty in the measured wavelengths
of the two shortest E2 transitions and of the line 3B is higher due to the low
number of counts. Their accrracy is estimated to be about {our times less
than that for the other neon-like transitions. Most lines have been observed
under various settings of the spectrometer, and the wavelengths measured
at these different settings have been reproducible. As mentioned in the pre-
vious section, we have used the theoretical wavelength value )\ = 3.94921 A
for line w of heliwm-Iike argon®! a reference in the spectral range ahove 3.900
A. For lines below 3.900 A we have used the line w of helium-like iron at
A = 1.83048 A as a reference.®! Using the theoretical predictions by Mohr®
for the Ly-a, line of argon as a reference would shift our experimental values
by 0.4 mA.

Table I1I also contains our ab initio wavelengths for the neon-like transi-
tions. The agreement between the measured and calculated wavelengths for
all neon-like lines is remarkably good. The agreement is found to be within
0.8 mA for most lines, including the quadrupcle lines. The only exceptions
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are the two 2s2p°3p — 2522p° transitions. They are measured to be longer
by 1.5 and 1.0 mA, respectively, from the calculated value. These silver lines
have the shortest wavelengths and are the furthest away from the line w of
iron used as the wavelength reference. However, using the nearby K& line
of argon as the wavelength reference, in general, does not change this result.
It is interesting to note that all 3p — 2s and 3d — 2p transitions are mea-
sured to be of longer wavelength than predicted. The opposite is true for all
3s — 2p and 3p — 2p transitions, for which the measured values are shorter
than predicted. In Table 111 we also list the wavelength values measured by
Burkhalter er al'® and Aglitzki et al!! Qur measurements agree with the
values obtained by Aglitzki ef al. within the experimental error limits in
the range from AN = 0.5 mA to A\ = £2.0 mA cited in Ref. 11, except
for line 3F. The values from the measurementis by Burkhalter ef al. differ
considerably from ours and were taken with much smaller spectral resolution.

T e spectra presented here offer the first simultaneous observation of both
E2 & i«d M2 transitions in any neon-like jon. Whereas the branching ratio for
the A2 transition, in the absence of collisions, is always unity, the branch:a1g
ratios for the E2 transitions approach uaity only for high-Z ions. At lover
Z, the levels {2p°3p) - decay instead by An=0 transitions to lower-lying
excited states in the 2p°3s configuration and cannot he ohserved. Neon-
like iron spectra from tokamaks® and from the solar atmosphere!®'® show
a strong AM2. The E2 transitions, however, were not ohserved, since the
branching ratio is not favorable due to the Z dependénce in the decay rates.
These lines have also not heen observed in the spectra of neon-like molyb-
denum which has a Z of 42.* Observation of the E2 lines has been reported
so far only from beam-foil experiments involving neon-like and fluorine-like
xenon.”® Our observation of the E2 transitions thus demonstrates that toka-
maks are appropriate sources to study these transitions in high-Z neon-like
jons.

OMhservation of the 3p — 2p electric quadrupole transitions, in addition to
the electric dipole transitions, allows a determination of the An=0 transition
energies between states of opposite parity. Some of the possible An=0 tran-
sitions are shawn in the Grotrian diagram in Fig. 15, and the corresponding
wavelengths are listed in Table IV. These transitions have become of great
interest in the development of soft x-ray lasers.*® Here amplification and las-
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ing were achieved for the An=0 transitions (2p?/23p3/g}_7=2 —t (3P§/z331/2).1=l
and (2p5/,3ps/2)a=2 — (2p5/2351/2)u=1 in selenium.**?7 Identification of these
lines from direct observations. in the extreme vac;{um UV and soft x-ray
region is difficult due to the presence of mauy lineg/of almost identical wave-
lengths which result from stronger An=0 transitions in atoms of adjacent
charge states. Achieving gain in a silver target id a similar experiment could
reduce the laser output wavelengths from approximately 200 to 100 A.
/

In Table III we have also listed the mea,dinred and calculated values for
the intensities of the neon-like transitions./ The intensities are normalized
to the intensity of the line 3C. Whereas we have been able to measure the
wavelengths with very high accuracy, the measured intensity ratios are much
less reliable. In order to evaluate the lin€ intensity ratios for the entire spec-
tral range, lines common to spectra obtained with different settings of the
spectrometer have been used for norq‘falizat-ion. However, different settings
of the spectrometer also correspond/to PLT discharges from different run
days. The variations in the plasma tonditions which may have occurred for
different run days thus make it difﬁcult to determine these line ratios with
high accuracy. The intensity data;n Table III was obtained from discharges
with electron temperatures ranging from approximately 2.6 keV to 3.1 keV.
No adjustments have heen madeﬁo account for the variations in the response
of the spectrometer to different wavelengths, e.g., the wavelength dependence
of the crystal reflectivity and the detection efficiency of the multiwire pro-
portional counter have not Heen considered. However, corrections for the
ahsorption properties of the /llzelium and the beryllium windows (Fig. 1) and
corrections for the vignetting of some of the spectral lines hy the PLT port
and the lead apertures were made. The intensity ratios for lines that are far
apart are, therefore, less reliable than the inteusity ratios of lines that are
next to each other.

The theoretical values for the line intensities have been obtained from a
collisional radijative equilibrimun model calculation. This model is similar to
the one originally used by Loulergue and Nusshaumer for iron;'? it contains
Processes anong théf.ﬁround state and the lowest 36 excited states in neon-
like silver. These excited states correspond to configurations with an electron
in the n=3 shell and a hole in the n=2 shell. For the densities in the PLT
plasmas we only need to include collisions from the ground state aud not
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from the excited states. We consider all An=0 and An=1 electric dipole
radiative cascades with levels n=3. We also include the contributions from
the E2 and M2 forbidden transitions to the ground state, and the An=0
M1 transition from the J=0 to the J=1 level in the 2p°3s configuration.

All energy levels and E1 radiative transition rates are obtained from the
RAC calculations. The rates for the forbidden transitions have been supplied
from a simtlar set of atomic physics codes which use orbitals generated by
the Grant MCDW program .7 The electron-impact ground state excitation
rates are obtained from a third set of atomic physics codes which perform
relativistic distorted-wave calculations for the cross-sections.*® The largest
excitation rate coeflicients are listed in Table V. It is interesting to note
that collisinnal excitation from the ground state predominantly populates the
levels (2p503dss2)u=1, (27535d572)0=15 (2P5123P3/2)0=0, and (2p}/23p1/2)s=0-
These four levels receive approximately 70% of all flux from the ground
state. The other levels, notably the 2p°3s levels, are popuiated by An=0
radiative cascades.

The theoretical line intensities listed in Table III have heen calculated for
an electron temperature of 3 keV and density of 3 x 10" cu~2. Despite the
shortcomings of both the messurements and our simple model, the experi-
mental and predicted intensity ratios are in general agreement. For example,
the observed intensities of the weak E2 lines and of the strong 3d — 2p
transitions are consistent with the strengths predicted. A notable exception,
howeve ., is the transition 3E from (2p§/._,3d3/3)_;=] to ground. The intensity
of the feature ohserved at 3.7598 A is 30 times larger than the value predicted
for the transition 3E. This indicates that this feature is composed of several
lines, and is most likely due to a strong 3d — 2p transition in magnesinm-
like silver, as discussed below. Discrepancies between the ~bserved and the
theoretical values also exist for some other lines. As an example, we consider
the intensity ratio of the lines M2 and 3G at A = 4.0245 A and 4.0186 A,
respectively. The two lines are strong and very close to each other so that
the measured intensity ratio is very reliable. The predicted intensity ratio,
however, differs from the observed value by a factor of two. A similar dis-
crepancy for the ratio of the two lines has been observed for neon-like iron
in solar flare spectra,’>® where again the M2 line was found to be much
larger than predicted by the model Loulergue and Nusshaumer.1%4
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Several, possibly important, processes are missing from our model, First,
we note the absence of radiative cascades {from states with principal quantum
number higher than n=3." The contributions from cascades should be more
important at higher temperatures. We have also not included resonances in
the cross sections, such as those discussed recently® in the case of neon-like
iron; at a sufficiently low temnperature, these can cause additional populations
among the 2p®3s levels. An equally, if not more likely, process than either cf
the previous two processes may be the ionization of a 2p electron from the
2p°3s ground state of the sodium-like ion. This process is also missing from
our model and may be important especially because of the large abundance of
sodiwn-like ions in the plasma as evidenced by the presence of strong sodium-
like lines in the =7 ectrum. The process also enhances the population of the
neon-like 2p°3s levels and might in particular explain the strong intensity
of the M?2 line. This is yet an\additiona] st ~zestion that the populations
of neighboring charge states may have an ohservanle influence in populating
the excited states in th= neon-liké ion.*”

4.2. Lines from Lower Charge States

Whereas a neon-like ion has the relatively modest number of 36 singly
excited states with a hole in the n=2 shell and a single electron in the n=3
shell, a sodium-like jion has 237 excited states with the same vacancy in the
n=2 shell, but with two 1=3 electrons. For magnesium-like ions there are
three n=3 excited electrons, and for aluminum-like ions there are four; the
complexity of these ions is therefore considerably greater. These states are
different from the singly excited states of neon-like silver because they are
autoionizing states. As a resnlt they can decay spontaneously by autoioniza-
tion in addition to the normal radiative chanmels, and they can he populated
directly by dielectronic capture. However, similar to the neon-like states they
can be formed by the collisional excitation of an electron from the n=2 shell.
For the low densities in PLT, nearly all ions of each charge state are in the
ground states.

For this paper, we have not calculated intensiiies based on all these pro-
cesses. Instead we have tried to identify the lines of the lower charge states by
combining calculations of oscillator strengths from the RAC code with some
qualitative understanding of excitation mechanisms. Most importantly, we
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have looked for transitions which arz analogues to transitions in the neon-like
ions. For example, our calculations of the excitation processes in neon-like
silver predict that the strongest excitations from the ground state proceed
via 2p — 3d dipole excitations {see Table V). Herce we expect that the same
type of dipole-allowed excitations will produce some of the strongest lines
from each lower charge state. The strength of these transitions can then be
used as an indicator as to whether lines of a certain charge state are present
in the spectral range investigated. For example, if none of the 3d — 2p
transitions of a certain charge state can be identified in the spectrum, we
assume that no lines from this ion are present. In this way we can narrow
down the number of charge states which contribute to our spectrum. For the
remaining charge states we then also lock for states which can he populated
by the strongest of the direct nondipole excitations or by arbitrary cascades
from higher states. We also consider the fact that the population of some
stales may be enhanced via innershell ionization of the adjacent lower charge
state.

The most difficult transitions to consider are those produced by dieles-
tronic recombination. In the case of sodium-like silver we have an explicit
calculation of the dielectronic recombination spectrum. The results of this
calculation, whicl are presented in Section 4.2.2, indicate that the contri-
bution of dielectronic recombination to the spectrum of sodium-like silver is
weak at an electron temperature of 3 keV. Unfortunately, we cannot assume
the same about subsequent charge states without performing further calcula-
tions. However, the results of the calculations for sodium-like silver suggest
that the configurations, which should be populated the most by this process,
are states with high total angular momentum corresponding to a 2p — 3d
excitation and simultaneous capture of an eleciron into a 3d orbital. Such
configurations are not populated directly either by excitation or ionization
from the ground state. Hence, if transitions from these configurations were
ohserved, they could provide some measure of the magnitude of dielectronic
recombination.

In the remaining part of this section we summarize the identifications for
each of the lower charge states ohserved.
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4.2.1. Sodium-like Lines

In addition to the transitions 3d — 2p (3s spectator) which we have used
as an indicator for the presence of the sodium-like charge state, we have also
considered the transitions of the type: 3s — 2p (3d spectator), 3s — 2p (3p
spectator), 3s — 2p (3s spectator), and 3p — 2s (3s spectator). Three of
these types are analogous to the strong E1 transitions in necn-like ions, and
we expect them to be strong in the sodium-like ion. We expect the other
two types of transitions, 3s — 2p (3d spectator) and 3s — 2p (3p speciztor)
to be weaker: the first type, because it has to compete with the strong
transition type 3d — 2p (3s spectator); the second, because its upper level
is analogous to the comparatively weakly populated 2p°3p excited level in
neon-like ions. The wavelengtis of the particular transitions with gf values,
i.e., the product of the statistical weight of the lowel level and the oscillator
strength of the transitien, larger than 0.06 are listed in Table VI. They have
also been plotted as solid lines in Figs. 11-14 and are labeled with lower case
letters. Although all upper levels of the transitions 3d — 2p are mixtures
of states of the type 2p°3s3d and 2p°3p?, we have used ouly the dominant
contribution to denote the upper level. If the dominant contribution of these
mixed states is from the 2p°3p® configuration, we have added au asterisk (*)
to the key. Any trausition from these states to the ground state occurs only
hecause the upper level includes an admixture of the 2p®3s3d configuration.

The three strongest sodiumn-like lines have been identified as transitions
of the type 3d — 2p, as expected. They are situated to the long wavelength
side of the 3d — 2p neon-like lines 3¢ and 30 and are lalieled f, h, and |,
respectively. A fourth line; j, is also predicted to have a large gf value. How-
ever, this trausition falls into the region dominated by the iron K spectrum
(see Fig. 10}, and our identification of the line in the experimental data is not
conclusive. Similarly, all 3d — 2p transitions whose upper level is dominated
by 2p°3p® states are blended with other strong silver lines. Thus no experi-
mental evidence exists on the strength of these transitions. The theoretically
predicted gf values for these lines are, however, smaller than those for the
transitions {, h, and 1. Two of these lines, e* and i*, with gf values of 0.52 and
0.29, respectively, are predicted to be blended with the neon-like transitions
3C and 3D, respectively. If these lines were stronger than predicted, then
they could possibly cause a shift of the apparent waveléngth of the neon-like
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lines.

The two transitions 2p°3s® — 2p®3s which are analogues to the neon-like
lines 3F and 3G are also ohserved. The lines are labeled o and p and are
seen in Figs. 13 and 14, respectively. These lines may be excited not only
via An=0 cascading, but also by innershell ionization of magnesium-like ions
in the ground-state. Furthermore, we have observed two sodium-like lines
labeled a and b which are of the type 3p — 2s (3s spectator). The lines
are weak in agreement with their predicted gf value and occur on the long
wavelength side of the neon-like line 3A. Two other sodium-like transitions
labeled ¢ and d, which occur on the long wavelength side of the neon-like
line 3B have smaller gf values and have not been observed.

We have labeled all the remaining transitions in Table VI with a bar
(=). These transitions are of the type 3s — 2p (3p or 3d spectator). The
wavelengths listed in Table VI indicate that these transitions are clustered
together in two regions of the spectrum: between 3.82 < A < 3.85 A, around
line o, and between 4.04 ° ) -~ 4.08 A, around line p. Although we have not
been able to identify any individual line, these transitions could account for
the structure in the spectrun seen to either side of line p at A = 4.0547 A,
Similarly, lines a through & could perhaps contribute to the two features in
the data to the long and short wavelength sides of line o at A = 3.8309 A,
Unambiguous identifications, however, are difficult without a better signal-

to-noise ratio.

4.2.2. Dielectronic Lines

A calculation of the dielectronic recombination spectrum for the sodium-
like charge state was performed, in order to check the importauce of this
process. Dielectronic recombination dees not contribute to the excitation of
thie neon-like lines due to the small abundance of Auorine-like ious in the
plasma; it could, however, be relevant for the sodium-like spectrum, since
the abundance of neon-like ions is clearly large. Dielectronic recombination
tends to populate different configurations than those populated by direct
excitation or innershell ionization. In order to compute the resulting line
intensities, we have calculated the autoionization and radiative rates for all
the 237 excited states with two electrons in the n=3 shell. 47

The eight strongest sodium-like dielectronic lines are listed in Teble VII.
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These lines are found on the iong wavelength side of the lines 3C and 3D.
Our calculations indicate that at a 3-keV electron temperature the strongest
satellite, at A = 3.7469 A, should have only about 5% of the intensity pre-
dicted for line 3D. (Note that this ratio is independent of the relative abun-
dance of the neon-like and sodium-like ions.) Thus we expect that these
satellites are weak compared to the intensity of the neon-like lines. Indeed,
no significant intensities are experimentally ohserved at the wavelengths pre-
dicted for these lines. For example, consider the wavelength region from 3.54
to 3.59 A near the line 3C in Fig. 12. Tlis region is predicted to contain
three of the eight satellite listed in Table VII. If the satellite predicted for
) = 3.5688 A were to contribute significantly o the feature labeled f and h
at 3.567—3.575 A, then we would expect to he able to identify the relatively
strong satellite predicted for A = 3.5583 A. The spectrum, however, dces not
show a feature near this wavelength. Since the intensity of the satellit< at
A = 3.5583 A is predicted to be only 3% of the strength of the lin~ 3¢, a
very much improved signal-to-noise ratio is needed to identify such a weak

feature.

4.2.3. Magnesium-iike Lines

The magnesium-like ground state (2p%3s?) ;-0 contains the neon-like core
with a closed 3s subshell. Since the 3s® spectator electrons contribute no
additional angular momentum, the excited states formed by the excitation
of an electron from the n=2 shell in the magnesium-like ion are very similar
to the neon-like excited states. The excited states in magnesium-like ions
thus correspond almost exactly to a subset of the neon-like states, with the
lowest being the state 2p53s23p.

The list of magnesium-like transitions we have looked for is given in Table
VIII. Again only lines with a gf value larger than 0.06 are included. The
lines are plotted in Figs. 11-14 as dashed lines and are labeled 1 through
21. As in the case for the neon-like and sodiumn-like ions, the transitions
produced by a direct 2p — 3d excitation Lave the largest gl value and can be
easily identified in the ohserved spectra as lines 5 and 9 in Figs. 12 and 13.
These lines are close analogues to the neon-like lines 3¢’ and 3D, respectively.
Ohserving trausitions of the type 2p°3s%3d — 2p®3s3d is not as likely because
the branching ratios are less favorable. As in the sodium-like sequence, there

21



is significant configuration mixing of the 3534 and 3p* orbitals. In Table VIII
transitions whose upper level is dominated hy a 2p°3s3p® state are again
labeled with an asterisk (*}. These lines have a smaller gf value than those
wlhose upper level is dominated by a 3s3d state. All of these lines except
possibly the lines 6° and 7", are blended with stronger lines, as is the case
for the sodium-like lines of this type, and none have heen identified.

Two lines are listed in Table VIII which are transitions of the type 3p —
2s, lines 1 and 2. The lines are close analogues to the neon-like lines 34
and 3B. The stronger of these may possibly he identified as the weak line
on the short wavelength side of line 38 in Fig. 11. Seven lines are listed in
Table VIII which are of the type 3s — 2p (3s3p spectator) and are labeled
with a bar (-). The two lines T3 and 14 at 3.8609 and 3.8624 A, respectively,
are predicted to occur close to the neon-like E2 line at 3.8627 A and could
possibly blend in with this line. However, the lines 15, 16, 19, and 20, which
have similarlv simall gf values and presumably similar population mechanisms
as the lines 13 and 14, are abscnt. Hence, we presume that the lines 1T and
12 are negligibly small as well and that the line seen at 3.8627 A is truly the
neon-like electric quadrupole line. The feature seen at 3.8425 A has been
tentatively ascribed to the transition 12, despite its very small gf value listed
in Table VII. We do this because of the analogy to neon-like systems where
monopole excitation from the ground state to the upper level (3p} 23P1/2)7=0
is. strong (see Table V). Fer the neon-like level, radiative detay of the 3p
cieviron to the ground state is strictly forbidden; for the magnesimn-like leve],
however, one of the three 3s electrons can make a radiative transition to the
2p-vacancy. Line 12 may be evidence for such a process. The neon-like Jevel
{2p° /23P172)a=0 has been of great importance in the development of soft x-ray
lasers. The An=0 transition between this level and the level (Zp?/._,3s1/—_» }o<1
was predicted to exhibit the largest gain.®® However, this transition has
shown only weak gain. Hence further studies of the analogous upper level of
line 12 in magnesium-like systems may shed liglit on the discrepancies noted
in neon-like systems. The second magnesimm-like line of this kind, labeled T3,
with upper level {2p§ /23P3/2 =0 is predicted at 4.0784 A. At this wavelengtl,
however, uo clear feature is seen in our data which can be ascribed to this
transition. The feature at A = 4.0965 A has heen tentatively ascribed to
the transition labeled 21, since this transition may not only be excited via
electric quadrupole excitation from the ground state, as some of the other
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transitions of this type, but it may also be excited via innershell ionization
of the aluminum-like ground state, 2p®3s23p1/2 — 2p°353p; j2, similar to the
neighboring soditum-like line p and the neon-like transition 3G.

4.2.4. Aluminum-like Lines

We expect to find evidence of aluminum-like transitions in our spectra,
as aluminum-like ions exist in the colder, outer regions of the plasma which
surround the hot core containing the neon-like and the sodium-like ions. Ta-
ble IX lists nine transitions which ase analogous to the strongest transitions
in the adjacent higher ionization staces. These lines are plotted as dot-dashed
lines in Figs. 11-14 and are labeles! with lower case Greek letters. The accu-
racy of the wavelength predictions is lower for the aluminum-like transitions
than for the neon-like lines due to the large increase of interacting energy
levels as one proceeds from the high to the low charge states. The accuracy
of the aluminum-like wavelengths is estimated to be only + 5 mA compared

. to a five tines better accuracy for the neon-like wavelengths. Nevertheless,
the dominant transitions of the type 3d — 2p have been easily identified,
and the calculated and measured wavelengths differ from each other by no

more than 1 mA.

Our scheme of line identification seems successful in accounting for all
features seen in the data. One exception, though, is the line at 3.4320 A in
Fig. 11. Although clearly a result of the silver injection into the plasma, this
line remains unidentified. One candidate is a magnetic quadrupole transition
in the magnesium-like ion, the transition (2s2p}/,35%3pss2)s=2 to the ground
state. However, its wavelength is predicted to occur at 3.448 A, which is
much too long. Also, the strongest fluorine-like lines, again transitions of
the type 3d — 2p, are predicted to occur at 3.6138, 3.4575, and 3.6323 A
with gf values of 2.73, 2.27, and 1.99, respectively. However, these lines are
not observed. Another possibility might he the presence of a magnesium-like
dielectronic satellite line.
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5. Conclusions

The emphasis of this paper has been to identify the features observed in
a neon-like spectrum of a high-Z element and to make accurate wavelength
measurements, In particular, we have presented high-resolution measure-
ments of neon-like silver. The dominant features ohserved are the 3d — 2p
and 3s — 2p E1 transitions, as for lower-Z elements. The 3p — 2s E1
transitions could also be identified, as well as the magnetic quadrupole tran-
sition. Further, we have ohserved the three forbidden electric guadrupole
lines which are of interest for x-ray lasers. The measured wavelengths of all
but the two shortest transitions agree to within 0.8 mA with our ab instio
calculations from the RAC code.

We have heen able to identify firmly the most important sodium-like,
magnesium-like, and aluminum-like satellites. Again, the 3d — 2p transitions
are found to be the dominant transitions. The measured wavelengths agree
with the comnputed ones from the RAC code to within approximately 2 mA in
most cases. No sodium-like lines resulting from dielectronic recombination
are observed. This is consistent with their predicted intensities and the
signal-to-noise ratio of this experiment. Instead, the lines that are observed
seem excited predominantly via direct excitation from the ground state or
via subsequent radiative cascades and innershell ionization of the adjacent
lower charge state.

The presence of seven different hydrogen-like and helium-like spectra in
the wavelength region investigated has provided us with a number of very
reltable reference lines. This set of atomic data has allowed us to determine
the wavelengths of the silver lines with high accuracy. It has also enabled
us to compare the wavelength calculations for livdrogen-like and helinm-like
systems to each other, and a discrepancy of approximately 0.4 mA between
the Ly-a and the helium-like K e lines, which is larger than our experimental
uncertainty, lhas been noted.

Neon-like spectra from tokamak observations are understood more easily
than spectra from laser-produced or z-pinch plasmas. In high density, highly
collisional laser-produced plasmas, for example, collisions hetween excited
states affect their respective populations. This can manifest itself in density-
sensitive line ratios™ or in density-sensitive gain predictions for soft x-ray
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lasers;** furthermore, the short time scales of laser-produced plasmas may
not allow a steady-state onization balance. The electron and ion densities
in tokamaks are many o:ders of magnitude lower than in the other types of
laboratory plasmas. The resulting lack of collisions thus makes low density
plasmas ideal not only for line identifications but also for investigaiing the
excitation mechanisms of neon-like ions. As a first attempt, we have com-
pared the experimental intensities of the neon-like transitiors to prediciions
from a simple collisional excitation and radiative decay model. Although
we can note an overall agreement between the data and the predictions, we
also noie some significant discrepancies. Hence, in order to understand the
excitation mechanisms of the neon-like spectra more fully, it will be neces-
sary to investigate the intensity ratios of the neon-like transitions and their
satellites in more detail than we have done in this study. In this study we
have provided only a survey of the intensity ratios of the neon-like lines to
each other. Future studies should include the ohservation of inteusity ra-
tjos versus electron temperature and comparisons with detailed theoretici!
predictions which take into account processes between adjacent ionization
stages. K

We expect that as the understanding of neon-like systems progresses such
systems will become increasiangly important for plasma diagnostics. Similar
to the well-understodd»helimn-like spectra. neon-like spactra can be used
to measure charge state abundances and jon and electron temperatures. In
present-day tckamaks, such as PLT or the Tokamak Fusion Test Reactor
{TFTR), the electron temperatures are such that most high-Z elements do
not reach the helum-like charge state. Instead, elerments such as silver,
molybdenum, er tin, are expected to he in the neon-like charge state in the
plasma center of these tokamaks. Hence, in order to study, for example,
the central diffusion of very high-Z impurities in a tokamak plasma, it is
necessary to observe transitions in the neon-like charge state. Similarly, a
better understanding of neon-like systems will aid the understanding of the
processes involved in astrophysical plasmas or in high density, laser-produced
plasmas.
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Tables

TABLE 1. Experimental and theoretical wavelengths of the resonance, in-
tercombination, and forbidden lines of helium-like argon, potassium, man-
ganese, and iron. The theoretical values are from Ref. 31. The experimental
values are rounded to the nearest mu'tiple of § x 10-54.

Element Transition Hey Aezp Atheory
(4) (4)
Argon®  1s2p'Pi—1s" 'S w 3.94921 3.94921

1s2p 3P — 157 15, T 3.96605  3.96599

1s2p 3P} — 15 15, Y 3.96935 3.9694C

1525 35; — 15 15, z 3.094109 3.99428

Potassium™ 1s2p'P, — 15 15, w 3.53195 3.53198
1s2p 3P — 15215, F2 3.54595  3.54607

1s2p 3P — 1515, y 3.34950 3.54964

152538, — 1515, z 3.5T040% 3.57084

Manganese® 1s2p'P, — 1s* 15, w 2.00615 2.00615
1s2p 3P — 157 15, z 2.01190 2.01185

1s2p 3P — 15 15, Y 2.01590 2.01585

1525 35, — 15 15, z 2.02540 2.02557

Iron* 1s2p P, — 152 15, w 1.85048  1.85048
1s2p %P, — 1% 15, T 1.85555  1.85546

1s2p 3P — 15185, v 1.85960 1.85953

1525 35, — 15° 1S, z 1.86830 1.86824

Argon*  1s3p 1P, —1s2'S, K3  3.36580 3.36571

*Experimental wavelengths are normalized to the theoretical value of 3.94921

A for the line w of argon.
**Experimental wavelengths are normalized to the theoretical value of 1.85048

A for the line w of iron.
2)Line blended with satellite ; (1s2p* ?Dgjn — 1522p 2Pys).
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TABLE II. Experimental and theoretical wavelengths of the resonance lines
of hydrogenic argon and iron. The theoretical values are from Ref. 32. The
experimental values are rounded to the nearest muitiple of 3 x 10754 and
are normalized to the theoretical value of 1.85048 A of the line w of iron.

Element Transition Key Aczp Mheory
A &

Argon 2P3n — 1512 Ly-o; 3.73150 3.73110

2P1/2 — 15]/-_) Ly-ag 3.73680 3.73652

Iron 2P3/2 —_ 151/2 Ly-al 1.77820 1.77802
2P1/2 e 151/2 Ly-ag 1.78360 1.78344
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TABLE III. Comparison of experimental and calculated wavelengths for
n=3 to n=2 transitions in necu-like silver. The upper level is designated in
{(j1,J2)s notation. The theoretical values for the line intensities have been
calculated assuming an electron temperature of 3 keV and a density of

3x10" cm~2.

Upper  Key Ao Ak Ai’i_p XL, Intensity Intensity
Level (4) (A) Ay &) (cale) (ezp”)
2s2p°3p
(1/2,3/2); 34 3.3989 3.4004 - 3.3983 0.08 0.29
{1/2,1/2); 3B 3.4448 3.4458 3.465 3.444 0.04 0.07
25°2p°3d
(1/2,3/2), 3C 3.5466 3.5467 3.557 3.5474  1.00 1.00
(3/2,5/2), 3D 3.7177 37179 3.732 37181  1.58 1.65
(3/2,3/2), 3E 3.7607 3.7598" 3.760 — 0.02 0.58%
2s°2p°3p
(1/2,3/2), E2 3.6619 3.6611 - - 0.04 0.08
(3/2,3/2), E2 3.8631 3.8627 - - 0.06 0.05
(3/2,1/2), E2 3.9253 3.9250 — - 0.13 0.09
25°2p°3s
(1/2,1/2), 3F 3.8005 3.8003 3.825 3.8023  0.33 0.43
(3/2,1/2), 3G 4.0192 4.0186 4.031 4.0186  0.93 0.74
(3/2,1/2)., M2 40253 4.0245 -~ - 0.35 0.54

a)Present measurement; lines with wavelength A < 3.90 A are referenced to
line w of iron; those with A > 3.90 A are referenced to line w of argon.

YRef. 9.
©)Ref. 10.

9Line blended with magnesium-like line.

33



TABLE IV. Comparison of experimental and theoretical An=0 intervals in :
Ag®™*, The levels are designated in {j,, 7»); notation.

Transition Energy.., Energymcor
(eV) (eV)
15°25°2p53p
T —15%25%2p%3s
(3/2,1/2): — (3/2,1/2);  73.6 73.8
(3/2,3/2)2 — (3/2,1/2);  124.5 124.7
(1/2,3/2)2 — (1/2,1/2)} 124.1 123.5
15%25%2p%3d
— 15°25%2p%3p
(3/2,3/2); — (3/2,1/2) 109.2 110.0
(3/2,5/21 — (3/2,3/2),  125.0 125.5
(1/2,3/2), — (1/2,3/2), —al 138.2

aYUpper level blended with magnesium-like transition.

TABLE V. Direct ground state excitation rate coefficients for Ag®*. Only
levels that receive more than 2% of the excitation flux from the ground
state are listed. The values are calculated for an electron temperature of 3
keV and density of 3 x 10" cm™3.

Level Rate Coef ficient Fraction of Total Fluz 1

(em?/sec) from Ground State {
Ind —11 ¢
(_p3/23d5/2)] 1.55 x 10 0.34
(2})‘;’/23113/2); 1.01 x 1071 ’ 0.22
(2P%53pa/0)0 346 x 10°12 0.07 3

Pa/29P3/

(293 »3p1/2)0  3.32x 10712 0.07 !
(281/23ds/2); 255 x 1072 0.06 ;
(281/23.51/2)0 2.33 x 10-12 0.05 .
(281/23133/2)1 7.15 x 10~ 0.02




TABLE VI. Experimental wavelengths and theoretical predictions for
n=3 to n=2 transitions in sodium-like silver. Only transitions with gf values

larger than 0.06 are listed.

Transition Key /\;’l_}, Atheo 9f value

(A) (4)

3p — 2s (3s spectaior)

(25]/32p6351/23p1/3)3/3 —+ gs a-. 3.412 3.4103 0.14
(251/220%351/03p1y2)js — g5 b 3426 34249  0.43

(281/22p°381/28p3/a)ape — g8 ¢ - 34586  0.11
(251/22P6351/33p3/2)]/2 - gs d - 3.4726 0.09 / ,
3d — 2p (3s spectator)
A (2p;r'/23p3/33p3,2 Jajz — gs e" bl 3.5446  0.52

(2082351 03dap2 )10 — g5 £ < 3.57i> 35705 103
(295232 23pae)aye — 95 & < 8.571> 35707  '0.50
(2p72381/23ds/2)a2 — g5~ h < 3.571> 3.5720  0.94

(273/23Pa/23Papa)afz — g5 i bl 3.7178  0.29
(203 2381/23d32 10 — 95 ur 37308  0.92
(2;73/23?3/33?3/3)3/2 — gs k* ur 3.7333  0.27

(2P5/2351/23d5/2)3p2 — g5 1 3.7427 3.7431 2.14
(205/23Ps/23P3/2 e — 98 m° bl 3.7566  0.21
(ng/z3é1/g3d3/3)l/g — gs n ur 3.7623 0.20

3s — 2p (3s spectator)

(2032352 /2 — g5 o 3.8309 3.8325  0.08
(205/,35% )32 — g5 P 4.0547 4.0570 0.12




TABLE VI continued.

Transition Key A2, Mo of value

(A)  (4)

3s — 2p (3p spectator) _
(2p3 2381/23D1s2)1/2 — 20°3p1e B - 3.8190 0.06
(27})2351/23P3/2)a;2 — 2P°3psp. b —  3.8245  0.09
(QP?/'_-351/23P1/2)3/2 — 21163}?1/2 d - 3.8462 0.10
(29} 351,23p3s2)ss — 2p°3psy €~ 38508 0.15
(2p3/2351/23Pas2)3/2 — 29°3pajs g - 4.0438 0.08
(2953/2351/23pas2)s2 — 20°3pa; b - 4.0495 013
(295,.351/23Pas2 D172 — 2p°3paya E -  4.0674 0.06
[2P3/3351/23P1 jahp — 2153p1 I - 4.0677 0.07
(265,235123P1/2 )32 — 2P%3p1ye T — 40708 0.4
(275,2351/23P3/2)s2 — 29°3pa;e T - 40747 0.0
{295/2351/23paja)ajr — 2°3p3a O ~  4.0781  0.09

3s — 2p (3d spectator)
(20} 12351/23d3j2 )12 — 2p%3dsn © — 38288  0.06
(2p3/2351/23ds/2)as2 — 29352 1 - 4.0407 0.8
(205 /2381/23ds2)3/20 — 2p°3ds/2 1 - 40621 0.8
(205/2351/23d3s2 )3 — 2p°3ds;2 ] - 4.0640 013

bl — blended with strong line

gs — ground state

ur - unresolved due to Ke spectrum of iron.

<> — average wavelength of several unresolved lines.

¢ Lines with wavelength A < 3.90 A are referenced to the line w of iron;
those with A 2> 3.90 A are referenced to the line w of argon.



TABLE VII. Atomic data and relative intensities of the eight strongest
dielectronic satellites of neon-like silver. The intensity of the strongest
satellite is about 5% of the intensity of the neon-like 312 line at 3 keV. The
radiative transition probability A. and the autoionization probability A,
are given in 10" 571, w denotes the fluorescence yield.

Transition A Relative A, A, w
(A)  Intensity

(29523d3/23d5 )52 — (2P°3dape)ae 37469  1.00 2.7 7.5 0.26
(2} 23ds/23dsj2)7/2 — (20°3dspe)s 35688 0.85 1.9 4.0 0.32
(2p3/23ds/23d5/2)7/2 — (2p°3dse)sy 37528 0.67 1.5 2.9 0.33
(285 23ps/23ds/a)sis — (20°3poja)eys 3.5583  0.38 14 1.6 047
(20523p3/23d5/2)o/2 — (20°3paja)ayz 3.7388  0.31 15 2.0 0.43
(295/23pa/23ds )52 — (20°3paja)e2 37522 021 1.1 0.6 0.64
(293 ,3d3/23dsy2)s/2 — (20°3daj2)ayz 3.5898 021 0.7 1.1 0.36
(2p3/23ps/a3ds/o)se — (27°3pa)ae 37387 020 1.8 0.5 0.79
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TABLE VIII. Experimental wavelengths and theoretical predictions for n=3
to n=2 transitions in magnesiume-like silver. Oniy transitions with gf values
larger than 0.06 are listed.

Transition Key /\ﬂ-p Mo 9f
} (A) (A)  value
3p — 2s (3s° spectators)
{25,/220535%3ps/2)1 — gs 1  3.444 3.4399 0.28
(281/22P°35°3py 21 — g5 2 - 3.4859 0.9
3d — 2p (3s® spectators)
(2p§’/2351/23p3/33p3/3)1 — gs 3 bl 3.5734 0.13
(zpf/g331/z3pa/z3ps/z)1 — gs 4* bl 3.5738 0.23
(2p} 235%3da/2 )1 — g5 5 3.5853 3.5851 0.73
(2p} 2351/23D1/23paja )y — g5 8* - 3.6107 0.16
(2p3/2351/23p1/23paje s — g5 T - 3.6316 0.07
(2p5,2381/23p3/23p3e h — gs 8" bl 3.7427 0.21
(2p5,35%3ds2); — g5 9  3.7597 3.7592 1.59
(2p3/2351/23P3/28ps;zh — gs 10°  wur 3.7685 0.10
(23/2351/23p3/23p32h — g5 11° bl  3.8016 0.06

3s — 2p (3s,3p speclators)

(2p3/235°3p12)0 — (2p%351/23p1/2 1 12 3.8425 3.8402 0.06
(2P?/23523P3/2)2 — (2p°351/23p3/2 )2 13 - 3.8609 0.10
(295 235°3pgs )1 — (2p°351/23pssa )2 2 - 38624 009
(2p3/235°3p1/2)1 — (2P°351/23p12 0 is - 3.8717 0.06
(2p3/,35%3p3/2)2 — (29°351/23p32 )1 6 - 3.8895 0.08
(2p3)235°3ps/2)0 — (20351723321 8 -~  4.0784 0.06
(2p5/235°3p3s2)2 — (2P°331/23p3/2)2 19 -  4.0837 0.08
(205/235°3p1721 — (29°331/23P1/2)0 20 — 40920 0.06

31 4.0965 4.0981 0.14

(2P2/33523P1/2 )2 — (27°331/23p12):

3s — 2p (3s,3d spectators)
(2p32351/23p3/23pasz)1 — (2p°3s1/23d512)a

=l
~
|

4.0780  0.07
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%)Lines with wavelength X < 3.90 A are referenced to the line w of iron;
those with X > 3.90 & are referenced to the line w of argon.

gs — ground state

bl - blended with strong line
ur — unresolved due 10 Ka spectruuz of ivon

TABLE IX. Experimental wavelengths aud theoreticai predictions for n=3
to n=2 transitions in aluminum-iike silver. Only transitions with gf values

larger than 0.10 are listed.

Transition Key ,\':jp Atheo af
(A) (&) . value
3p — 25 (35°3p spectators)
(25122p%3s%3py 23pase Jase — (26°20%35%3py sy @ - 3.4641 0.32
(251/22p°35%3p1 /23pae )y 2 — (2872p°85"Bprpeie BB - 34684 0.18
3d — 2p (3s°3p spectators)
(298 235%3p1 23y )oje — (20%3573pr/e)yye v < 3.6003> 3.5077 0.20
(208/2353p1 e3dayeyyz — (2°35%3pr oy § < 3.6003: 3.5693 0.79
(2p l/.,3.9 3p1/23dss2)a2 — (20%35%3p12)112 € - 3.6126 0,15
(295 1,3523p1/23d32)aje — (20°33p1y )12 ¢ 36199 3.6198 0.56
(‘7p3/23.s 3p-123ds 2 )12 — (20°38%3p1ja )i 5 ur 3.7771  0.35
(2pg/23sz3p1/33d5/2}1/3 — (20°35%3p12)1/2 é ur 3.7862 0.56
(298:353p1/23ds 2)ayz — (26°3%3p1/2 )iz . 37918 37910 1.35
— (27%3s%3p1 /2 ) K - 3.8057 0.12

(‘)Ps /2 3s° 3p1/2 3d5/2 )3/"

9)Lines with wavelengti, A < 3.90 A are referenced to line w of iron; those

with A > 3.90 A are referenced to line w of argon.

<> - average wavelength of several unresolved lines.
ur — unresolved due to Ka spectrum of iron.
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Figures

F1G. 1. Schematic of the high resolution spectrometer on PLT. The spec-
trometer is viewing the horizontal midplane of PLT. In accordance with

Bragg's law, x-rays of different wavelength A are focussed at different .

positions aleng the position-sensitive detector.

FIG, 2. Overview of the spectra observed in the wavelengthh range 3.30—
4,10 & in first order, and 1.65—2.05 & in second order. The location
of the neon-like n=3 to n=2 transitions of silver is shown relative to
the hydrogen-like and helium-like spectra. The notation used is that of
Table 111

FIG. 3. Ko spectra of argon, Z = 18, and potassium, Z = 19. The lines
are Jabeled according to the nomenclatiure of Ref. 30. Only the dominant
transitions — the resonance line w, the intercombination lines z and y, and
the forbidden line = - are labeled. The smaller peaks represent mainly
dielectronic satellites.

FIG. 4. Na spectra of manganese, Z = 25, and iron, Z = 26 measured in
second order. The dielectronic satellites are now very prominent.

FIG. 5. I3 spectrum of argon. The weaker, unmarked lines are satellite

lines.

FIG. 6. Ly-o spectrum of argon. The weaker, unmarked lines are dielec-
tronic satetlites.

FIG. 7. Ly-a spectrum of iron. This spectrniun represents a rare incidence on
PLT. Hydrogen-like iron occurs only in very hot discharges. In this case
the electron temperature exceeded 4 keV during lower hybrid heating.

Fi7. 8. Least squares fit of a single Voigt function to the Ly-a; line of ar-
gon. The arrows indicate the region used for the determination of the
background. The pairs of points laheled a and b represent two different
sets of fitting limits.

FIG. 9. Typical spectra recorded before and after injection of silver. The
injection takes place at t = 650 msec. The x-ray flux in each case is
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integrated for 50 msec. The Ka spectra of helium-like argon and man-
ganese are clearly visible. The main silver lines appear at channels 435.7,
453.7, and 547.3. These lines correspond to the lines 3G, M2, and p in
Fig. 13. The injection almost always causes a drop in the intensity of the
radiation of other impurities. This effect is attributed to a replacement
of indigenous plasma impurities hy the newly injected one.

FIG. 10. Subtraction of the iron A'a “background” from a-spectrum contain-

ing silver lines. In (a) the iron radiation in second order is mixed with
the silver emission in first order. Here, the wavelength increases with
channel numbers (cf. Fig. 4). In (b) the same wavelength region is shown
but without silver lines. The discharge conditions for this spectrum are
very similar to the conditions in {a) except that no injection took place.
The spectrum (c} results from the subtraction of (2) minus (b). For this
purpose the intensity of (h) is normalized to that of (a) using the line =
of iron. Lines 1,2,3, and 4 have heen identified as silver lines, i.e., lines
1, & ¢, and 3F, respectively (cf. Fig. 13). Lines A, B, and C may be the
result of over or under subtraction.

FIG. 11. Spectrum of silver in the wavelength region 3.370—3.550 A. This

region includes the 3p — 2s trausitions. The spectra of other impurities
have been subtracted out for clarity. A theoretical spectrum contaming
sodinm-like, magnesium-iike, and alvminume-itke transitions is shown he-
low the experimental data. Neon-like transitions are labeled with upper
case letters; sodium-like (solid ), magnesium-fike (dashed), and aluminum-
like (dot-dashed) lines are keyed with lower case letters, with numbers,
and with Greek letters, respectively.

FIG. 12. Spectrum of silver in the wavelength region 3.540—3.760 A. This

region includes most of the 3d — 2p transitions. The spectra of other im-
purities have heen subtracted out for clarity. The region which contained
the strong K« spectrum of helium-like iron has been hatched. A theoreti-
cal spectmm containing sodiwm-like, magnesiuni-like, and aluminum-like
transitions is shown below the experimental data. Neon-like transitions
are labeled with upper case letters; sodivm-like (solid), magnesium-like
(dashed), and aluminum-like (dot-dashed) lines are keyed with lower case
letters, with numbers, and with Greek letters, respectively.
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FIG. 13. Spectrum of silver in the wavelength region 3.720—3.920 A. This
region includes 3d — 2pand 3s — 2p transit:ms. The spectra of other im-
purities have been subtracted out for clarity. The region which contained
the strong Ka spectrum of helium-like iron has been hatched. A theoreti-
cal spectrum containing sodium-like, magnesium-like, and aluminum-like
transitions is shown helow the experimental data. Neon-like transitions
are laheled with upper case letters; sodium-like (solid), magnesium-like
(dashed), and aluminum-like (dot-dashed) lines are keyed with lower case
letiers, with numbers, and with Greek letters, respectively.

FIG. 14. Spectrum of silver in the wavelength region 3.916—4.100 A. This
region includes most of the 3s — 2p transitions. The spectra of other
tmpurities have been subtracted out for clarity. A theoretical spectrum
containing sodium-like and magnesium-like transitions is shown hLelow
the experimental data. Neon-like transitions are labeled with upper case
letters; sodium-like (solid) aud magnesium-like (dashed} lines are keved
with lower case letters and with munbers, respectively.

FIG. 15. Grotrian diagram of selected energy levels and transitions in Ag®*.

The solid lines represent. the An=1 radiative transitions listed in Table

I11. The dashed lines indicale sone of the possible An=0 intrashell ra-

diative transitions which are listed in Table IV. The energy levels are

designated using jj-coupling, i.e., (j1,J2)s, where ji, ja, and J are the
angular momentum of the hole state and the excited state, and the total
angular momentum, respectively.
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