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RECUCTION OF RADIATIVE TRAPPING ZT¥ECTS IN X-RAY LA3SERS $u{i
\ -
v rem R d ~ - ST o "
USING AUTCZICNIZING TRANSITIONSH i\
INTRCDUCTIO N
—_ AR
) ) S
Successful gain 2xperiments f:r plasma x~~3y .asers presently cperite in 2 SN
=
quasi-cw mode, where an upper laser level 13 pumped -0 a sufficient pcpulation B
[ 8
_1 8
density N, to prcvide a gain cceflizient N g > 1 cm (o .. being the =
7Ny ; - g u’'stim - ! stim g "y
OAS
. . ; : : N . . . LN
stimuiated emission or28s 3e2tizn., and tne Lcwer laser la2vel (of populaticon n:u,
RN
tensity Nl) rapi2ly 'epopulates sy radiative Jecay in a "depleticn® 7
ok
transition. ' 'S A large gain cceffi:ient i3 requiredg where caviiies are .
2ssentially ncon-existent, l{.e., the laser {3 operated in an ampiified e,
- : C 2 e R \';-.
sgcntanecus emission (ASE) single zass mede.” 3ecause it {3 difficult to pumc SN
N
inversion densities nigher than atout 1572 No, _Where Nf is the density of the
AR
: . . . - . . : . Y
final .usually ground! state., the abscrpticn ccefficlient cabs (inverse photcn \#:
N
) * L] i i "-
mean free path) ¢n the lower level depletion i+f transition (determined \-:
3 \I
5y N,go + 1C° N g ) and the related opaci:ty for a depth d can be so largz .
{ abs 11-3abs L
l\..
nat radiative trapping prevents rapid depletion of Ni and laser action is S
quenched. The free parameter here is the diameter ¢ cf the elongated lasant >,
N
medium; and {% i{s not unusual to require 10's cf micron-scale diameters at x-ray
A
wavela2ngths, depending on the par<izular method of operaticn. This dimension sf\
x',\'
Secomes sncrter Wwith shorter wavelength lasing, sometimes even projected to bde A
~
[l &
submicron.3 >
\‘_\
o
TN
i
“This report was onginally submitted in January {4, 1984 R
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This requirement for such minute-diameter plasmas i{s a major reascon (along f:
Witn the required energy density for pumping) that most work to date has been !
done W4ith laser-procuced plasmas of the type used also for pellet fusion, where C}
4
“~
> -
the energy can be ccncentrated into such small dimensions in the form of line- E:
o
focused photons, x
This radiative trapping problem for the lower-laser-level population is the - :?
o
most severe obstacle for achieving high gain at very short wavelengths, now that ?l
«
N
significant ASE extreme ultraviolet (XUV) lasing has been demonstrated.
Phctoionization of cther ions as well as photoexcitation into states depleted by ﬁ:.
0{‘.‘-
radiative branching and collisional mixing have been considered as sclutions. ::u
u".
S
However, the cross section is low for photoionization; and photoexzitation =
results in at least partial re-radiation at the same frequency and an }k
A
equilidrium LTE limit for collistonal mixing. o
L)
)
One can envision that the elimination of the such radiative trapping could —
lead to bulk population inversions in plasmas, followed by swept-zain lasing in &ﬁ
-:).
-_".
a particular or multiple directions as determined by a directed-beam master g,
Pl
"
cscillator. This was suggested earlier6 and demonstrated in the near-uv region
\ 9
P
by Tomov, et al.7 Also, with less trapplng other more efficient plasma :ef
w.\
e,
generators with perhaps higher efficiency capable of delivering the required Qy‘
b
oY
energy density in larger volumes could be used. Indeed, non-radiative .
destruction of final laser states already exists in uv excimer lasers with the fi{\
s"-.\
: . SN
rapid destruction of the quasi-molecules formed. RSAY
Two closely-related novel approaches towards reducing the trapping
et
s
problem will be discussed here: one system (A) lnvolves doping or even :?:
P
sheathing the lasant plasma with a "converter" which transfers the trapping C&:
3
radiation to free electrons. The second system (B) is an advanced class of )
lasers involving more complex level structures, in which the lower laser level f}i_
N
N
‘-’.ﬁ"
2
A
._'-\
‘_..’\-
r._.'\,




decays predcminant’y by broac-tand rr~ee-eleciron emiaslon, thereby elimina%ing
the radiition subject Lo trapping. An enhanced rate 2f lower level decletion
a230c allows operition at higher <nan nermal :iensity before collisisnal
eqiillorium oetween laser lavels {3 astadiisned. This coulic result in higher
g3ln anc (mproved rompatit2il:ity wiwh a pessitly separate nigh censity pumcing
p.isma. System 3 cocull require (ncreased pumping because »f some adced line

N

Srcadening anc upper leve:r autorlisniziation, and therefldre sculd 3135 accomgany

proof-zf-princigle current exper.ments de2signed to produce signiflicant net zain

darticularly the matched-line "flasnlamg”" zumped class of x-ray .asers.

3ctn of tnese ildeas depend >n autzizrnization, a process in whisn aleztrans

{7 juasi-ocoune excited statas lying abgve trne nermal ionization limis transfar
very r~3pi1ly nto the continuum {7 an lonizition process, as determined by
3alection rulas. The most =2xtansive putlizatiosns of auttionizing lavels

inelucing radiative and autoicnizing rates are by Safronova and colleagues
for nelium-, litnium~, and bery...im-li<e icns of moderiate Z. Excitation of 3

. . . . ; 12
13 2lectron to n=2 18 calculates for all taree sequences "13,

and to n=3 for
. ‘4 . L . . .

“he first tWo . OCObviously, this zan be extended to more compiizatad specins,

particularly up to fluorine-like for the present discussion and even further,

N

Jecause .3 K-shell electron excitation Is involved. The accuracies of tnhe

~avelengths published (corresponding tc ex2itation) are estimated to be as zress

'S5 gy - , s
a3z 9.2 mA for Fe XXIV. Of tncse calculated to date, both helium-1l:i<e ang
itnium-li<e lons in 13820 or 1s°l (1 teing s or p) are zcnsiderey to pe
promi3ing 13 3absorders, with popu.iation of the former maintained by

2
187+132p resonance trapping. Beryliium-lixe ions i{n a 1322522 or

1322921 absorbing state appear from our recent experiments to be much less

popuious {n transient piasmas.
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SYSTEM A: PHQTON » ELECTRON CONVERSICN .';
Ia this scheme diagrammed in Fig. 1, wavelength matches are sought between :&5
lixkely (2-+f:2p » '3 here) unloading transitions in a lasing ion (shown to the :?:
,

laft) and absorption transitions into a converting-ion (right in Fig. 1) Sﬁﬁ
autoionizing level which has significant absorption as well as a dominating K 5;
autoicnization rate. Likely laser depletion transitions include n=2+1 or 3-1 in \}\,
hydrogen~ or helium-like ions, or 3+2 in lithium-like ions, or even 3s-3p in ) ;E;f
Joron~ to neon-like (the latter being particularly popular in transient plasmas) Ef:
ions following 3-2, 4=3 or 3p»3s lasing, respectively. The absorption would {f#
~ -y

most likely involve a 1s+21' transition but could also be 1s+32' or even doubla- :E"i
oo

electren transitions. 33 ’
System A wavelength matches that hold promise are listed in Tables 1 and 2, ::j:
grouped according to increasing Z for the laser unloading transitions.16'17 The ;E;
emission (laser) Xe and the absorption Aa wavelengths in A as well as the ;%i

fractional decrement (Ae-xa)/x=ax/x are listed, as are the radiative (A) and

.!

1

. : : 1 - - . . .
autcisnizing {7) rates in units of 10 3 sec . Also indicated is the estimated

(see Appendix, absorption cross section in units of 10-18 cm2 for comparison.

p
g§§gﬂfﬁ_gt

-4
Wwavelangtn decrement baseline of §A/% = 3 x 10 which is typical for Doppler U
broadening’s is used as a gauge for a good match; however it should be noted “.:
that high autoicnization rates can lead to natural broadening exceeding this .

basel.ne,

I
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SYSTEM B: LOWER-LEVEL DEPLETZON ON AUTOIONIZING TRANSITIONS

In this scheme diagrammed in Fig. 2, an upper laser 3&' level (as indicated
on the right) is pumped, most likely by photons with matcned wavelength; and
lasing takes place to a 2% 2(1'-1) 1level with a high autoionization rate, so
that lower-level depletion occurs with electron emission instead of potentially
trapped line radiation. Clearly, the 32' level should be chosen with a low
autoionization rate (according to selection rules) to prevent undesirable
population loss as well as excessive (natural) line broadening, both
contributing to reduced gain.

Intense pumping lines sucn as 2p+1ls in hydrogenic and helium-like ions
or 3d»2p, 3p*2s in lithium-like icns are primary candidates. Potential line
matc’r‘.esq‘é’17 with 1s-»3%' abscrbing transitions are grouped in Tables 3 through %
accerding to the species of atsorber for which 34' data exist’u (namely helium-
and litnium-like ions). The columns are as described for the earlier tables,
Wwith the laser transition indicated by -L+, and A,T pertaining to the upper
laser level. 1In an additional column, the approximate laser
Wavelengths AL are listed.

Gain coefficients in such a system as this can be expected to be less than

1

values as high as the 100 cm” pr‘edicted19 for ideal line-matched photon

pumping; again because of some autoionization losses from the upper laser level

itself or through collisional coupling to other autoionizing levels, as well as

20

through increased natural line broadening given approximately

14 -1 . . .
by Av\l - /27 - 10 sec . Aith experience in matcned-line-pumped lasing
\

initially involving radiation unloading, and with sophisticated numerical

modeling here, such a desirable bulk-plasma lasing system (B) cculd evolve quite

naturally.
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DISCUSSION

Proposed here are advanced ccncepts for reducing the severe problem of
radiative trapping and the resulting minute dimensions in lasing at short x-ray
Wwavelengths. Much more analysis and experimentation (s needed for detailzd
evaluation. Tne potential is enormous, and promises bulk plasma
multidirectional lasing with perhaps more efficient pumping power sources.

It must be remembered that, while the emission wavelengths Ae tabulated
nere are measured to an accuracy reflected in the last decimal place16, the
absorbing wavelengths xa are calculated. Whiles such calculations are
estimated15 to have sub-mA precision for Fe XXIV, comparisons of waveiengtns for
optical transitions in the same tabulations at lower Z reflect uncertainties in
the 10's of mK in spite of the three decimal places tabulated. It appears that
the calculated absorbing wavelengths become more exact at longer wavalengtns
where the measured emission wavelengths are less accurately known.

Increased precision is therefore needed for efficient photon coupling intc
excitation of such autoionizing states for both A and B here. Emission

21

wavelangths are measurable now to sufficient precision, and some absorption

measurements for autoionizing transitions in beryllium laser-produced plasma

ions have been made22

using a continuum backlighting source. More of such
precise work shculd be done on possible matches as suggested by the data
coliacted here. Besides the accurate wavelengths, the absorption cross sections

. . . : 2
are needed and again are being measured for beryllium lons.2

This can hegin
for system A. Autoionization r'at‘,es1?"N used here appear to be within a factor

of abocut U agreement with experiment523 at low Z.
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System (B) requires extended numerical modeling of the type developed for o)
1Y
. . . . . ~
matched-1line optical photon pumpmg19 to fully evaluate the potential for a ~$
5
. “ > Iy . . : - . : - ~
self-contained laser scneme. In addition to autoionization rates, collisional
rates between such levels must be included. nis is within the reaim of presen: A
:\
. s . . c . ~9
numerical capablilities and could be based on a suitable combinacion such as In "o
I' )
the tables nere, particularly if one is verified by emission/absorntion X,
i
measurements to have a promising wavelength maten. ,:!
oS
The potential for sirstem (B) is greatly enhanced now that spontanscus )
. L. . 2z ‘5
emission on 3+2 transitions between autoionizing levels has Zeen observed<-
: . + o . . - o vl
in LI anc Be emission. This should be extanded to higher-Z icns and higher w7
. . . <
densities appropriate to x-ray lasing. o
A -
N
Scme c¢f the ccmbinations listed in the tablas may not e at all sulsabla e
tecause, 2.g., °of unsuitable autoionization rates or cross sections. They ars .{;
"-
. : : . s . ‘o
ncwever included for completeness and further consideration and possibly wiwn N
’,
numerical modeling. OCn the other hand, some are particularly desireanle for "
practical reascns. For example, the first three in Table 5 involve emitting and 2
abscrbing plasmas from the same element available in gaseous form, which maxes o
o
: . . . . "
them attractive for puffed gas z-pinch devices. Others are more suitabls for S
|
plasmas created by laser vaporization of solids. }-
v
In summary, autoionizing levels offer ccnsiderable prcmise f2r reducing :c
.7
. “J
trapping effects and the payoff could be very great. Precise emission and 0
abscrpiion measurements using the present listings 3s an initial zuide anag N
advancing from low tc nigher I, ccupled W<ith improved level calouliations and the {f
o
development of scphisticated multi-level numerical codes, will ultimately prove e
the feasibility of this advanced concept. Bx
)Q
:\
S
a
<
7 ~-
Ny
w
;";\:;"::\::.':'."::'-j_“::\-:.‘;j\.::\.-:‘;' .\.‘\.:\‘:.':' : :':~; ':\.'-~. ’\.‘ .\- . . " _',.;".._'-‘ ._-‘_._ ’ ._':."’...‘:..:A - .’. . _'.'..":\:"-"'._" . “— "-._'
3 U5 W i i W, T A T P, B4 T S T, T, R S A A R R O O N Lt e e s et et e et e T N T e T T e T




APPENDIX I*

For comparison purposes, {t is useful to know the approximate line-
absorption cross section for the absorbing transition. This depends on the
absorbing line strength according to the transition probability A as well as the
frequency v (or wavelength i) and the line width Av. It can be written

approximately as

2
G.L (1)

8wv2Av

sith the line width expressed as the sum of the Doppler width18

Bvy - 5.5 x 136/x (2)

20

and the total natural width (from hav, -At = h),

N

AvN ~ (A+I")/2m, (3)

the crcss section as listed in the tables becomes

10 g ~ la _— (4)

- —_
fer A in A and A, T in units of 10 '3 sec L

*A second classified apperiix expanding on this report is in preparation.
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2ind' or [182f1nl' (n=2,3)
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Fig. 1| — Energy level schematic for 2p — s matched-line pumping of helium-like 1s2£ or lithium-like 1s 2

ground state to 2£nf or [1s2£]Inf’ levels. respectively, above the ionization potential (I.P.). Rapid autoioniza-

tion at a rate I’ dominates over radiative decay.
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1624 or 1224

Fig. 2 — Energy level schematic for 2p — Is matched-line pumping of helium-like 1s2£ or lithium-like 1522
ground state to 232" or [Is2£]3L° levels. respectively, above the ionization potential (1.P.). The lower laser
level decays predominantly by autoionization at a rate I' compared to radiative decay of rate A.
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