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AUTOIONIZATION FOR LOWER LEVEL DETRAPPING IN X-RAY LASERS

INTRODUCTION

The trapping of radiation resulting from lower laser level decay is a major problem in research
for extending plasma X-ray lasers to wavelengths shorter than 100 A at high output power [1,2].
Besides the limitation on gain brought about by the reduced radiative depopulation of this level, the
required micrometer-scale diameter presents severe experimental difficulties. A novel scheme [1-3]
intended to reduce this trapping is shown in the energy level diagram of Fig. 1. Here the lower laser
level autoionizes at a rate exceeding that for spontaneous emission, thus depleting the lower level
population by electron emission instead of (trapped) spontaneous photon emission. This constitutes a
different class of lasers than presently pursued. The upper laser level has to be fairly stable against
autoionization and would most likely be pumped by a resonant photon from a nearby ion in a ‘‘flash-
lamp’’ concept. This scheme requires a two-component plasma with an accurate wavelength match
for resonance-excitation pumping. Promising ion candidates based on limited existing information are
identified here. The need for expanded experimental and theoretical data bases as guidance for
numerical modeling of specific combinations, as well as definitive gain calculations and experiments
in nonequilibrium plasmas, are emphasized.

2—1 1s2s3p
LASER Al
15252
P==fre e — e =
PUMP ABSORBER
AVAVAVAL
v
1Y _ 1s22s
Fig. 1 — Detrapping concept using autoionization

(A.L) on levels above the ionization potential (I.P.)
to directly deplete the lower laser level population,
shown here as 1s2s?

Manuscript approved November 6, 1987.
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ANALYSIS
Decay Rates
As a guideline for the analysis that follows, we use a set of selection criteria in three steps, ini-

tially ignoring any consideration of how the autoionization levels are pumped to inversion, and require
that:

[am—y

excitation (and innershell vacancy) be limited to a single electron;

2. the lower laser level decay predominantly by autoionization;

w

the upper laser level be relatively stable against autoionization; and
4. the laser line-width be limited to Doppler broadening (for maximum gain).

We further limit the analysis to matched-line resonance photoexcitation pumping and require as addi-
tional criteria:

5. an intense pumping line,
6. a good energy resonance between the pumping (p) and absorbing (a) transitions; and
7. a high line strength (A,) for the absorbing transition.
For maximum gain and output, we further require:
8. a strong (Ap) lasing transition;
9. lack of absorption of the laser emission by other lines; and
10. p,a atomic species of similar Z, for congruent/adjacent plasmas.

The first criterion essentially eliminates He-like ions that require double excitation of two elec-
trons to reach the autoionization levels. The next simplest system is the Li-like, three-electron
isoelectronic sequence (analyzed here). Figure 1 shows one transition as an example. Here, lasing
takes place on a 3-2 transition at a wavelength and with a gain close to those of the Balmer-« lines of
hydrogenic and He-like species. The lasing wavelengths (\;) may be estimated empirically by

AL = 6300/(Z — 1.7)% A, (1)

or ~118 A for fluorine (Z = 9). This is plotted in Figs. 2 and 3.

The second criterion minimizes radiative trapping and maximizes autoionization from the lower
laser level. The third criterion permits a population inversion that is not reduced by autoionization
from the upper level. This third condition does not conflict with the second, since the autoionization
rate decreases with principal quantum number n as 1/n®. Criteria 5 through 7 refer to efficient
matched-line photon pumping of a high population-density inversion by resonance transitions such as
2-1 in H- or He-like ions. Criteria 8 and 9, along with criteria 4, maximize the laser output by also
minimizing losses.
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For our analysis, we have relied on the theoretical calculations of Vainshtein and Safronova [4]
and more recently by Chen [S]. A check for the important transitions here (Table 1) for Z = 26
shows that wavelengths (transition energies) in these two references agree to within ~0.04% and are
therefore used almost interchangeably, as discussed below in regard to Table 2. This wavelength pre-
cision agrees with the +0.5 mA estimate for Z = 26 of Bely-Dubau et al [6]. The theoretical radia-
tive rates for these cases appear to agree within ~4%, which is better than the overall estimate of
~15% given by Chen [5]. Either source is entirely adequate—we use those by Chen for conveni-
ence. The autoionization rates are a different story, however. Here differences can be several orders
of magnitude. Given some glaring inconsistencies in Ref. 4 in this regard (as pointed out by Chen
[5]), we use Chen’s values here.

Table 1 — Summary of Z-Dependence for Criteria 1 through 4

Lower Lasing Upper Lasing Zoin | Ziax
1s2s® 2S (F) 152s3p P53, () 12 30
1s2s2p 2P, 5 (G) {1s2s3d ?D3,)" (K) 8 16
1s2p3p 28, 5 (Mg) 12 16

1s2p3p 2Py3.32 (Mp) 8 | 16

’D;,, Mp) 16 16

2p,,, (G) {15253d D3, 5,0} (K) 8 36
1s2p3p 28, (My) 12 36

*Py 3,32 (Mp) 8 36

*D3,2,52 Mp) 16 36

1s2p® %8,,, (H) {152p3s 2Py ,23/} (Lp) 15 16
{1s2p3d 2P0 (Np) | 15 | 16

Dapspn (H) | {152p3s 2Py 03,9} (Lp) 15 16
{1s2p3d 2Py, 3,0} (Np) 15 16
D350} Np) | 15 16
’Fs/2.72} (Np) 15 16

*Lunney (3]

Criterion 1: Beginning with criteria 1 through 4, the simplest example satisfying criterion 1 is
the Li-like three-electron isoelectronic sequence with a 1s vacancy, i.e., with 1s2£3£'" and 1s2£2£
upper and lower lasing states, respectively (£,£' = s,p and £"' = s,p,d).

Criterion 2: This condition specifies that the lower laser level autoionization rate be at least five
times the radiative rate and sets the first upper bound on Z for all three possible lower laser states,
i.e.,

15252 Z < 30 (shown in Fig. 4)
1s2s2p %P, , Z < 16 (shown in Fig. 5)
1s282p %P5, Z < 36 (shown in Fig. 6)

1s2p° Z < 16 (shownr in Fig. 7).

EN
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Table 2 — Possible Matches

Z, A Z, Ao AN Trans, | A,/Ap*
(A) (A) (x 10% (108 s7h
Lyman-o Pump
9 | 14.9823(S)? 9 | 14.9822° 0.13 A-J 0.07
9 | 14.9825° 0.33 A-] 0.07
9 | 14.9877(W)? 9 | 14.9822° 3.9 A-J 0.07
9 | 14.9825° 3.7 A-J 0.07
9 | 14.8823(S) 9 | 14.990° 5.3 B-Mj, 0.09
14.9877(W)? 9 1.3 B-Mp, 0.09
21 2.7360(S) 20| 2.7333¢ 9.9 A-J 0.06
36 no match

0.82712(W)* | 36 | no match

44 0.60763(S)? 42 | no match
0.61309(S)? 42 | no match

Helium-o Pump

16 | 5.0389¢ 15 5.0380° 1.0 B-M 0.05
5.0409° 4.8 B-M 0.04
28 1.5885¢ 26 1.5884° 0.63 B-M; 0.006
1.5884° 0.63 | B-Mp | 0.0002
1.5858° 17 A-J 0.082
1.5869° 10 A-J 0.085
29 | 1.4777¢ 27 | 1.4773¢ 2.7 B-Kp 0.0008
39 0.800944 36 | no match

45 7 42

3See Ref. 9; © see Ref. 5; see Ref. 4; see Ref. 10.
*Note that division by Ay, in column 7 normalizes the absorption figure of merit
to the He-like 1s3p'P-1s? transition.
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Fig. 4 — Autoionization rates (I'y) and radiative decay
rates (A,) for a 1s2s® lower laser configuration vs atomic
number Z
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(In Fig. 6, the dip in A; to @ minimum for J = 3/2 at Z = 30 is due to a strong cancellation in the
matrix elements [7], and the true bound is dependent on the collisional mixing with J = 1/2 terms
(Fig. 4).)

Criterion 3: Next, relating these three lower laser level possible configurations to criterion 3 for
the upper laser level, we require an upper level radiative rate at least as large as its autoionization
rate. Note that the first lower level option (1s2s?) requires a 1s2s3p upper laser level configuration,
for which autoionization rates become less than radiative decay rates for Z > 8 (see Fig. 8). The
second lower level choice, 1s2s2p, may combine with either a 132s3s, a 1s2s3d, or a 1s2p3p upper
configuration (see Figs. 9 through 11). For the first (single) 1s2s3s Sl 2 term of these three, cri-
terion 3 is satisfied for Z > 24 (Fig. 9). For the second upper level choice, 1s2s3d 2D, /2,525 CTi-
terion 3 is met for all Z (Fig. 10). For the third choice, 1s2p3p, the S, ,2 terms are satisfactory for
Z > 12 (Fig. 11); the ’D, /2.5, are suitable for Z > 16 (Fig. 12); and the 2p, ,2,3,2 terms are very
stable against autoionization for all Z’s by selection rules and are not plotted. Concerning the third
possible lower laser level, 1s2p?, upper terms such as 1s2p3s 2P, /23,2 satisfy criterion 3 for Z > 12
(Fig. 13). In the 1s2p3d configuration, the 2P, 23,2 terms obey criterion 3 for all Z’s considered
(Fig. 14), while the *D, /2,552 terms obey criterion 3 by a ratio of at least 3 orders of magnitude and
are not plotted (but again are limited to Z < 16 according to criterion 2); for the ?Fs J2,1,2 terms, cri-
terion 3 is obeyed for Z > 12 (Fig. 15).

16— LR N B T T ]
I~ 1s2s3p (J) -
15— -
r J=1/2 7
=~ t
©
(]
@
17
in)
i_
<
Ve
w
o
=
o3
e}
.}
ATOMIC NUMBER Z
Fig. 8 — Autoionization rates (I';) and radiative

decay rates (A,) for a 1s2s3p upper laser
configuration vs atomic number Z
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Criterion 4: The natural width of the laser line can be approximated by Av = (A, + I' )2«
(in frequency units) for the lower laser level radiative (Ay) and autoionization (I'j) decay rates that
dominate those of the upper laser level. The ratio Av/v; (where vy is the frequency of a typical
laser transition) is plotted in Figs. 4 through 7 and decreases with increasing Z. When this is equated
to a typical corresponding Doppler broadening ratio [8] of ~3 x 107* it provides additional limits
for Z according to criterion 4 above. This is noted by D-markers in Figs. 4 through 7.

A summary of criteria 1 through 4, based on liberal interpretation of Figs. 4 through 15, results
in Table 1 for LS-coupled transitions. The configuration representations in parentheses are those
chosen by Chen [5], with subscripts added to show the L-values. This labeling also provides brevity
in Table 2. (No distinction is made for singlet or triplet parentage because collisional mixing is
expected at the densities involved in X-ray lasers.)

The brackets {....} in Table 1 represent levels that are not reached directly by single-electron
electric dipole transitions from 1s22s (A) or 1s22p (B) lower configurations. This slightly violates the
first criterion and also violates criterion 7 for a strong absorption (i.e., the transition probability is
~ 10 times lower than for single-electron transitions). Note that 1s2p? %S, s2 - 1s2p3d D, > are ruled
out by the AL selection rule. Hence, the most promising transitions are reduced to six upper level
terms.

Line Matching for Photon Pumping
Criteria 5 and 6: Criterion 5 now requires that pumping of population density in the upper laser

level be by photon absorption from an intense line source. For this we choose n = 2-1 resonance

12
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lines of hydrogenic and He-like ions and search for good line matches within the widths of the emit-
ting and absorbing transitions (criterion 6). The absorbing transition will be Doppler broadened
according to criterion 3, as will the pumping transition except for some possible additional opacity
broadening. (This would help achieve a good match but would decrease the overall system effi-
ciency.) Again, for Doppler broadening, we expect AN/A = 3 x 107* In searching for
wavelength matches, theoretical data of Vainshtein and Safronova [4] and Chen [5] are used. For this
purpose they agree within AN/X = 4 x 10™* for Z = 26 for the important transitions given above;
this is about the Doppler spread expected. We have chosen the closest match in each case for Table 2
and labeled them by superscripts, without precise measurements not knowing which of the two is the
most accurate.

As a first estimate of possible matches, we can plot AN/\ vs the nuclear charge Z of the pump-
ing ion and Z+1, Z, Z-1, Z-2, and Z-3 for the Li-like absorbing ions. For this, we limit the pump-
ing transitions to hydrogenic Lyman-a (Figs. 16 through 19) and He-like 2-1 ‘‘alpha’ (Figs. 20
through 23). These lines are typically the most intense in the very short wavelength region for a par-
ticular element.
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004 ~ ~ —

0.0
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—0.04 - - - - Fig. 16 — Line-matching factor for a Lyman-« pump
» -- - line from an ion of atomic number Z and a Li-like

—0.08 - T _| absorber of the same Z

- ~— - -

—042 |- TTee—- 4 t
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In Figs. 16 through 23, the dashed markers indicate the upper and lower bounds for all of the
listed Li-like innershell transitions. For example, Fig. 16 shows a match between Lyman-« of hydro-
genic fluorine (Z = 9) and Li-like fluorine (actually the only match with the same Z, which is a
decided advantage in a single-element plasma). Likewise, Fig. 17 shows a possible match for Z =
22 with perhaps Z = 21 or Z = 23. Possible matches for He-like pump ions include Z = 16, 28,
and 29 (Figs. 21 through 22). We now explore these possible matches further and attempt to satisfy
the remaining criteria while satisfying the guidelines in Table 1.

One of the most promising matches for a Lyman-a pump line is Z = 9 pump (p) and absorber
(a) ions, as shown in the first example in Table 2. This does, however, violate criterion 4 above,
which determined Z_;, = 12 for a J level, and therefore leads to a slightly reduced gain coefficient.
Note that two sets of values for Z = 9 are given for two possible matches, depending on .the source
of data. Also, the data used here [4,5] indicate no match for the transition suggested by Lunney [3]
(footnote in Table 1 here).
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Fig. 22 — Line-matching factor for a Helium-a pump line
from an ion of atomic number Z and a Z-2 Li-like
absorber
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In the Z, = 21-23 range for a Lyman-a pump, only one Sc (Z = 21) pumping Ca (Z = 20)
transition has both a reasonable wavelength match and a favorable absorption probability and hence is
included in Table 2. Matches for a Ti (Z = 22) pump are either B-K transitions with a poor match
or B-N transitions with low absorption. For Z = 23, only B-I transitions, ruled out in Table 1, show
reasonable matches.

For a Lyman-a pump, Fig. 18 shows that a match with a Z-2 absorber might be possible at Z
~ 35. Absorber data for Z > 33 is published only for Z = 36 and Z = 42, so that no specific
matches can be identified in this region [5]. In any case, the wavelength for lasing becomes
extremely short (see Fig. 2 or Fig. 3).

For a helium-o pumping ion of nuclear charge Z, Fig. 21 indicates a possible match for a Z-1
absorber in the Z = 15 to 17 range. Table 2 lists an excellent match for S (Z = 16) helium-o
pumping P (Z = 15) on a B-M,, J = 1/2 absorber that appears to satisfy all of the criteria. (Even J
= 3/2, the second match shown, is not a bad absorber at a match of AA\/A = 4.8 x 10 ~4) For Z,
= 28 pumping Z, = Z,2 = 26, two matches are shown (Fig. 22). In the first there is a good
wavelength match but poor absorption, and just the opposite in the second. Also, for copper Z, =
29 pumping cobalt Z, = Z -2 = 27, there is a good match, but again the absorption is low.

Figure 23 shows that a helium-a Z, = 40 driver could pump a Z, = Z;-3 = 37 absorber;
however, absorption data for Z, > 33 is published [5] only for Z, = 36 (Z, = 39, as included in
Fig. 18) and for Z, = 42. Hence no match can be identified at present for this combination.

Criterion 8: This requirement calls for a strong laser transition. This is assured by the 3-2
electric dipole transitions chosen.

Criterion 9: This requirement specifies that absorption of the laser emission be kept low for
optimum output power. Other than for coincidental line overlaps, natural merges occur for the next
lower Z element, in this case, Be-like ions and for very high Z. This is shown first in Fig. 24, where
the available wavelength differences between the 3-2 Li-like lasing line [4,5] and 3p-2s, 3s-2p Be-like
absorption lines, divided by wavelength, are plotted vs atomic number Z. Extrapolated, this figure
indicates an exact overlap at a somewhat higher Z than plotied. The logarithm of the absolute value
of this wavelength-decrement ratio is plotted in Fig. 25 and compared with that for Doppler
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broadening (3 X 107%) as well as 10 times this, which is equivalent to an optical depth of ~ 100 for
the Be-like absorbing transition. This indicates that a Doppler absorption coincidence might occur at
~Z = 36 with a very dense absorber of opacity ~ 100, and at a very much higher Z without opacity
broadening.

Criterion 10: This requirement addresses the practical need to use two plasma species of close

Z, if possible, for similar temperatures, etc. This is met most closely in the case of fluorine in Table
2.

SUMMARY AND RECOMMENDATIONS

We have described a new class of quasi-cw X-ray lasers that are scalable to very short
wavelengths and operating on transitions above the normal ionization level. We suggest that the
lower laser level decays predominantly by autoionization. The goal is to eliminate quenching due to
radiative trapping and hence lead to large-scale X-ray amplifiers. Much systematic effort is needed to
make this a reality. The selective matched-line resonant photon pumping proposed needs to be
demonstrated, perhaps first on ‘‘optical’’ transitions at short wavelengths. Wavelength matches sug-
gested by calculations need to be verified by accurate photoabsorption measurements on plasma ions,
followed by fluorescence experiments, prior to laser demonstrations. Some photoabsorption measure-
ments of doubly excited states in Li-like species at low Z and in neutral [11], singly [11-14], doubly
[11,13], and even triply [11] ionized atoms have been performed. Some such transitions are observed
also in emission [11]. Autoionization rates are measured also for neutral [15-17]} and singly ionized
species [18]. Detailed numerical modeling including competing energy levels and collisional mixing
is needed, particularly for primary candidates identified by atomic physics experiments.
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