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A f u n d a m e n t a l p r o b l e m a s s o c i ­
a ted w i t h the d e v e l o p m e n t o f 
X U V lasers is that, at c o n s t a n t 

o s c i l l a t o r s t r eng th , the r ad i a t i ve l i fe­
t i m e o f a n e x c i t e d l e v e l i n a n a t o m i c 
sys tem va r i es as the s q u a r e o f the t r ans i ­
t i o n w a v e l e n g t h . F o r a s t r o n g t r a n s i t i o n 
n e a r 200 A , th is l i f e t i m e is o f the o r d e r 
o f 10-11 s e c o n d s . 

To o v e r c o m e the d i f f i cu l t y o f o b t a i n ­
i n g su f f i c ien t g a i n i n th is s h o r t t i m e , it 
has b e e n p r o p o s e d that p o p u l a t i o n first 
b e s t o r e d i n a l o n g - l i v e d e n e r g e t i c m e t a ­
s tab le l eve l a n d t h e n , b y use o f a n i n ­
tense sho r t - pu l se t u n a b l e laser , b e rap ­
i d l y t r a n s f e r r e d to the u p p e r l e v e l o f the 
l a s i n g t r a n s i t i o n . 1 , 2 

T h i s a r t i c l e d e s c r i b e s a n i n v e s t i g a t i o n 
o f the e x c i t a t i o n o f e n e r g e t i c m e t a s t a b l e 
leve ls su i t ab le fo r use as s to rage l eve l s 
i n X U V lase r sys tems . T h e p r o d u c t i o n 
o f l a rge p o p u l a t i o n s i n e x c i t e d l eve l s 
w i t h e n e r g i e s i n the 20 -100 e V r e g i o n 
necess i ta tes the d e v e l o p m e n t o f e x c i t a ­
t i o n t e c h n i q u e s c h a r a c t e r i z e d b y h i g h 
peak p o w e r s . T h e w o r k r e p o r t e d h e r e 
i n v o l v e s the use o f a n x - ray " f l a s h l a m p " 
as a n e x c i t a t i o n s o u r c e . 3 

I n a d d i t i o n , a s e c o n d a r y s o u r c e o f 
e x c i t a t i o n has b e e n d e v e l o p e d i n w h i c h 
the x - rays , e m i t t e d f r o m the " f l a s h -
l a m p , " a re c o n v e r t e d to a b u r s t o f h i g h 
dens i t y e n e r g e t i c e l e c t r o n s . T h i s d e v i c e 
has b e e n c a l l e d a " p h o t o i o n i z a t i o n e l e c ­
t r o n s o u r c e . " B o t h o f these e x c i t a t i o n 
t e c h n i q u e s h a v e b e e n s h o w n to p r o ­
d u c e p o p u l a t i o n s , i n e n e r g e t i c (20-60 
e V ) me tas tab le l eve ls o f a t o m s a n d i o n s , 
w h i c h a re 2 to 3 o r d e r s o f m a g n i t u d e 
l a rge r t h a n h a v e b e e n a c h i e v e d b y a l te r ­
na t i ve e x c i t a t i o n m e t h o d s . 

The x-ray 'flashlamp' 

W h e n a l ase r b e a m is f o c u s e d o n t o a 
s o l i d target w i t h a n i n tens i t y o f 1 0 1 2 - 1 0 1 4 

W c m - 2 , a d e n s e p l a s m a is f o r m e d at the 
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s u r f a c e o f the target w h i c h a b s o r b s , a n d 
is h e a t e d by, the l ase r r a d i a t i o n . T y p i c a l 
e l e c t r o n t e m p e r a t u r e s i n s u c h a p l a s m a 
r a n g e f r o m 10-100 e V w i t h e l e c t r o n 
dens i t i e s as h i g h as 1 0 2 1 c m -3. T h i s h o t 
p l a s m a acts l i k e a b l a c k b o d y a n d e m i t s 
r a d i a t i o n i n the X U V a n d soft x - ray re­
g i o n o f the s p e c t r u m . 

F o r l a se r p u l s e d u r a t i o n s i n e x c e s s o f 
10-10 s e c , the d u r a t i o n o f the e m i t t e d 
r a d i a t i o n c o r r e s p o n d s a p p r o x i m a t e l y to 
that o f the l ase r p u l s e . 4 T h i s l a se r -p ro ­
d u c e d p l a s m a c a n thus b e c o n s i d e r e d as 
a p u l s e d s o u r c e o f soft x - rays , o r a n x-
ray " f l a s h l a m p . " 

F i g u r e 1 s h o w s the e x p e r i m e n t a l c o n ­
f i g u r a t i o n that w a s u s e d i n th i s w o r k . 5 , 6 

A m a s s i v e p l a n e t a n t a l u m target w a s 
p l a c e d i n s i d e a heat p i p e c o n t a i n i n g 
a t o m i c v a p o r at a d e n s i t y o f 1 0 1 6 to 1018 

a t o m s c m - 3 . A 1.06 µm l a se r b e a m w a s 
f o c u s e d o n t o the target b y a l ens w i t h a n 
e f fec t i ve f n u m b e r o f f / 8 , a n d a p l a s m a 
w a s p r o d u c e d at the s u r f a c e o f the tar­
get. T h e e m i t t e d soft x - ray r a d i a t i o n 
p r o p a g a t e d i n t o t h e s u r r o u n d i n g 
a t o m i c vapo r , c a u s i n g i n n e r - s h e l l p h o ­
t o i o n i z a t i o n o f the a t o m s a n d the c o n s e ­
q u e n t p r o d u c t i o n o f i o n s i n e x c i t e d 
states. 

A k e y e l e m e n t to the s u c c e s s o f th is 
e x p e r i m e n t w a s the s i m p l e g e o m e t r y 
i n v o l v e d , i n w h i c h the 1.06 µm l a se r 

b e a m p r o p a g a t e d t h r o u g h the a t o m i c 
v a p o r b e f o r e r e a c h i n g the m a s s i v e tar­
get a n d p r o d u c i n g a p l a s m a . T h e e l i m i ­
n a t i o n o f the r e q u i r e m e n t f o r a target 
f o i l 1 that w a s to b e i l l u m i n a t e d f r o m 
b e h i n d , a n d d e s t r o y e d af ter a s i n g l e 
sho t , m a d e m u l t i p l e - s h o t da ta c o l l e c ­
t i o n feas ib le a n d thus e n a b l e d the i nves ­
t i ga t i on d e s c r i b e d h e r e to b e c a r r i e d 
ou t . 

T h e l ase r u s e d i n th is w o r k p r o d u c e d 
o u t p u t p u l s e s at 1.06 µm w i t h a n e n e r g y 
o f 100 m J a n d a d u r a t i o n o f 600 p s e c . 
T h e t e m p e r a t u r e o f the x - ray -em i t t i ng 
l a s e r - p r o d u c e d p l a s m a w a s d e t e r m i n e d 
to be b e t w e e n 10 a n d 100 eV , a n d the 
c o n v e r s i o n e f f i c i ency f r o m lase r p h o ­
tons to soft x - rays w a s i n e x c e s s o f 10%. 
T h i s r e l a t i v e l y h i g h c o n v e r s i o n ef f i ­
c i e n c y is b e l i e v e d to b e d u e to the l a rge 
a t o m i c w e i g h t o f the target (Z=73) a n d 
the r e l a t i v e l y l o w lase r i n t ens i t i es ( 1 0 1 3 

W cm-2) i n v o l v e d . 5 , 6 

W h e n the i n n e r - s h e l l p h o t o i o n i z a t i o n 
e x c i t a t i o n t e c h n i q u e w a s a p p l i e d to L i 
vapo r , L i + i o n s w e r e p r o d u c e d i n the 
e x c i t e d L i + (1s2s) l eve l s at e n e r g i e s o f 
a p p r o x i m a t e l y 60 e V ( F i g . 2) . T h e m e t a ­
s tab le L i + ( 1 s 2 s ) 1 S p o p u l a t i o n d e n s i t y 
w a s d e t e r m i n e d b y m e a s u r i n g the ab­
s o r p t i o n o f l a se r p r o b e b e a m as a f u n c ­
t i o n o f w a v e l e n g t h at the L i + [ ( 1 s 2 s ) 1 S — 
(1s2s ) 1 P] t r a n s i t i o n at 958.1 n m . T h e 

Fig. 1. Schematic of experimental configuration. 
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Fig. 2. Energy level diagram of Li and L i + 

absorption traces were fitted to numeri ­
cally generated Voight profiles. In this 
manner, populations of L i + (1s2s) 1 S ions 
as high as 3 X 10 1 4 cm-3 were measured. 

Suitable for storage 
It was observed that these ions had an 

effective lifetime (probably due to elec­
tron de-excitation) of 3.6 nsec. This 
measured lifetime is approximately 100 
times longer than the radiative lifetime 
(35 psec) of the L i + (1s2p) 1 P level. The 
Li +(1s2s) level thus is sufficiently meta¬
stable, under the condit ions in which it 
is produced in these experiments, to be 
suitable for use as a storage level for 
potential X U V laser systems. 

In a simi lar experiment involving Na, 
populations of 10 1 6 cm-3 were mea­
sured in the Na + ( 2p 5 3s ) 3 P 2 level at 33 
eV. This corresponded to a fractional 
excitation to that metastable level of 
5%, and illustrates the effectiveness of x-
ray inner-shel l photoionizat ion as a 
means of producing large excited level 
populations at high energies in ionic 
systems. 

In an important step toward the goal 
of the construct ion of an X U V laser, 
Silfvast et a l . 7 have recently used the 
x-ray photo ionizat ion technique de­
scribed here to produce visible and ul ­
traviolet laser action in C d + and Z n + . In 
that work, laser emission was observed 
from the excited level of the ion which 
was produced by inner-shell photoion­
ization. Laser action was also observed 
as a result of the transfer of the stored 

populat ion to stil l higher ionic levels by 
means of a tunable laser. 

Since typical X U V gain cross sections 
are of the order of 10-14 c m 2 , excited 
metastable populations such as those 
that have been produced in the L i + and 
N a + metastable ions, if inverted with 
respect to the ground level of the ion, 
would be sufficient to produce lasing in 
the X U V . 

But, as noted by Man i et a l . 1 and 
earl ier by Duguay, 3 three level systems 
of this type are difficult to invert. The 
reason for this is that when an excited 
metastable ion is produced, a hot elec­
tron is also produced. This electron can 
then col l ide with a neutral atom to cre­
ate a secondary electron and an ion in 
the ground state. 

To avoid this effect the ambient pres­
sure of the neutral species must be re­
duced unti l secondary electrons are not 
produced on the t ime scale of the inc i ­
dent laser pulse. 

To c i rcumvent this p rob lem, four-
level systems such as that shown in Fig. 
3 have been proposed by Harr is et a l . 2 , 8 

In these systems X U V lasing wou ld oc­
cur f rom an inner-shell excited level of 
an atom to a lower level wh ich was a 
valence level of the atom. The lower 
level wou ld either be empty of cou ld be 
emptied by an incident laser beam. 

A l though photo ion iza t ion is emi ­
nently suitable for the excitation of en­
ergetic levels in ionic systems, the pro­
duct ion of analogous metastable levels 
in atomic systems, such as those of Fig. 

3, require an alternative excitation tech­
nique. For this purpose we have devel­
oped a photoionizat ion electron source 
(PES) , 9 wh ich produces an intense sub-
nanosecond burst of hot electrons suit­
able for the exci tat ion of energet ic 
atomic levels. 

In order to produce this burst of elec­
trons, the soft x-rays emitted f rom a 
laser-produced plasma have been used 
to photoionize an absorber rare gas 
with the consequent p roduc t ion of 
large densities of hot electrons. The 
high density and temperature of the 
electron distr ibution produced by the 
P E S al low efficient excitation of both 
d ipole-a l lowed and d ipole- forb idden 
transitions to states with energies as 
high as 100 eV. 

In addit ion, the short duration of the 
pump ing pu lse—dete rmined by the 
pulse length of the plasma-generating 
laser—makes this source wel l suited to 
the study of dynamic interactions in­
volving such states. 

'Absorber' gases 
Again, the experimental geometry is 

that of Fig. 1, but with the cel l contain­
ing an absorber rare gas for the produc­
tion of electrons as wel l as a target 
species to be excited by the hot photo-
electron. When Ne was used as the ab­
sorber gas at a density of 3 X 1017 c m - 3 , 
and a 50 mJ laser beam generated the 
laser-plasma x-ray flashlamp, a photo-
electron energy distr ibution was pro­
duced 9 wh ich had a max imum at 20 eV 
and a mean electron energy of 45 eV. 
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The total ejected electron density was 2 
X 10 1 6 c m - 3 . The photoionizat ion elec­
tron source described here can be con­
sidered to produce an effective current 
density of 3 X 10 5 A cm-2 for 600 psec. 

The four-level X U V laser proposals of 
Harr is et a l . 2 , 8 involve the use of meta¬
stable quartet levels in the alkal i atoms 
as long-lived storage levels. These levels 
are embedded in the cont inuum of the 
alkali atom but are metastable against 
both radiative decay and autoionization 
by virtue of spin conservation. 

An example of such a level is the 
Li(1s2s2p) 4P 0 level at 57.4 eV (Fig. 3). 
Levels of this type can be effectively 
populated by means of the P E S . 

When L i was used as the target atom 
and mixed with the absorber gas, Ne, in 
the cel l of Fig. 1, populations as large as 
2 X 10 1 3 cm-3 were excited to the 
Li(1s2s2p) 4P 0 level by the electrons of 
the PES. Under these excitation condi­
tions (electron densities > 1015 c m - 3 ) 
the lifetime of the L i ( 4 P 0 ) level is be­
lieved to be determined by the electron 
de-excitation rate and was measured to 
be approximately 3 nsec. 

Simi lar results were obtained for the 
analogous N a ( 2 p 5 3 s 3 p ) 4 D 7 / 2 level at 33 
eV. The applicabil i ty of the P E S to the 
excitation of such levels is i l lustrated by 
the observation that the populat ion den­
sities measured in the quartet levels in 
this work exceed the best results ob­
tained by more conventional excitation 
techniques 1 0 by 2 to 3 orders of magni­
tude. 

The large populations excited in this 
work, together with the reasonable ob­
served metastability, con f i rm experi­
mentally for the first t ime the suitability 
of the quartet levels in the alkal i metals 
for use as storage levels in X U V laser 
systems. Although less efficient than 
photoionization excitation, P E S excita­
tion should al low the testing of a num­
ber of proposed X U V laser systems in 
atomic species. 

As a useful compar ison with other 
excitation techniques, the P E S was used 
to excite the He(1s2s) 1S level, for 2 X 
1018 atoms cm-3 of He acting as both 
a b s o r b e r a n d ta rge t s p e c i e s , a 
He(1s2s) 1S populat ion of 3 X 10 1 4 cm-3 

was measured. This corresponds to a 
fractional excitation of the He(1s2s) 1S 
level of 2 X 10-4 and thus also compares 
very favorably with that produced using 
more convent iona l exc i ta t ion tech­
niques. 

In summary, the development of the 
laser-produced x-ray flashlamp and the 
photoionization electron source has en­
abled us to investigate excitation of, and 

Fig. 3. Proposed X U V laser system in neutral L i . 

storage in , a variety of ionic and atomic 
metastable levels. The scal ing up of 
these excitation techniques, together 
with the spectroscopic evaluation of 
new X U V laser systems should, in time, 
al low the development of a wide variety 
of extreme ultraviolet and soft x-ray la­
sers. 
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