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L._introduction

The problem of the short wavelength lasers was widely
dlscussed last fifteen years. The numerous ideas tor
advancement in the extreme UV and soft X ray regionts and
different experimental approaches were proposed foar the
purpose of creating population inverstion and lasing boltween
levels of multicharged lons in plasmas. Frequenay
upconversion and U¥ free—electron laser were also subjects
of interest.

The first successful advancement in short wavelengthe
has been achieved uslng frequency upconverslon. Examplos of
Lhese results are the twentleth and twenty-eighth havmonics
of neodymium glass laser, X %2.2 nm and » 38.0 nm, and the
seventh harmonic ogf A 240 nm Krypton fluoride excimer laser,
A 3D nm.

The most extensive theoretical and experimental studies
have been devoted to creating i1pversion and lasing between
levels of multicharged ions in plasmas. The maln atteantion
bas been paid to laser produced plasma (LPP) (see [1-31). It
is connected with very important advantages of LPP as
compared to other plasmas: the possibility to control plasma
paramters electron temperature Te, lon charge Z and
electron density Ne in wide 1nterval of values, to provide
needed geometry of active medium varying the genmelry of
target irradiation (sharp point or linear focusing), to use
different type of targets (massive targets, thin folls,
multicomponent folls, fibers etc).

We diescuss here the present status, perspectives and
possible future applications of LPP lasers in extrems: OV and
soft X rays. Attention s paid also to possible appl fcatione
of LPY as a very effective point source of sutt X ray

spontaneous radlation.
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<. Geueral Backgrouond

L swserm belpful to bogin With conslder]ng some
gpecitte features of Lhe X ray lasers which differ so much
trom the loasers In visible and near UV region.

e the cuase of visible lasers we can use laser cavities
6f very high quality, Aw a result it is sufficlent to have
the gainlength product gl >10 2, Therefore at L 10:100 om
the galn should be g > 10 Zcm ',

[n the extrem: UV of 10440 nm a number of heavy metals
have the reflection conefficlent for normal 1ncidence R
30:10% respectively. For shorter wavelengths 30-10 nm due to
recent. progress in technology of multilyer periodical
structures it becomes posstble now to use multilayer mirrors
with normal inctdence reflectivity about 20-50%. No materfal
has good enongh transmission bhelow 100 nm. Only a very thin
films of some materials can be used as a transmltors or
beamsplitters,

The above mentloned progess tn technology of normal
incldent. multflayer X-rvay optical components is so important.
to Lbe problem of X ray lasers Lhat a brief review about
recent achlevemonts in this field Is given farther in
special section.

Normal incidence multlilayer optical components can be
used to produce laser cavities. But the quality of such
cavitiess s not sn high as 1n the visible spectral region,

A a result to bhave a real laser it is necessary to
provide the active plasma medium with gain length product
gl > 10,

As 16 chown berlow, low values of gain g as a rute
cannot. be compensated by loarge v iuedn of L becouse of plasma
vpacity and plasms refractlion limltations., Thene limttatlons
on active plarmy length necensilale large value of g, much
more barger than in visible npectra.

The mltilayer optical components are avallable now for
A2 10 nm. We can hope Lo have soch components for A > % ne

in Lhe oear fatute. Kor shor ter wavelcaglho b 1 nm lasiag
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coan be demonstrated only by using superradiance., Thic means
farther Increase of needed galn g.

Consilder now the galn coefficlient g scallng with
decreasing the laser wavelength ). For a glven trancition of
iong with charge Z, wave length » 1% proportional to 7z +.

Astuming the Doppler line broadening

4
2 = & Té/l eyRzt

and tﬂklng into account that for the probability of Lhe
allowed electric dipole radiative transition < A ~ const we
have for the gain coefficitent g along the Isoclectronic

rsequencm-; of ions
/
~ Nt % 2EAL S
g ‘jﬂ{,) /I 7_ /".’ =

Here aN is the population inversion, ¥ 16 Lhe
population of the upper level, proportional to the
concentration of ions N-. The temperature T needed Lo
produce ions with charge Z Is proportionsl to 2%, Aussuml ng

that AN/K = const we have

-

G M2 2 N

where He 1ls the electron concentration in plaswma. To keep
g = const while decreasing : it Is necessary Lo increase

plasma electron density

4 -2
N 2% )

Therefore the needed high value of galn g for short
wavelengths can be provided only in hot (T x ') and dense
(N ¢ X7 %) plasm.

¥e should take Into considderation that population
invevialon can exlut only for plasma density lTow enough Lhat
Inelasstic callisions do not domfnate over radiatlwve decay.
Tn apposfte case the Boltzmann equilibrium between the

oxclted states tiaken place. The upper HHmit on plasm
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density d8a* Lo determined by equating probability af
electron deexcitation Ba* <vo> to the probabillity of
radiatlve decay A.
Ne* <vo> £ A
The ralaes of electrun excitation and deexcltation are = 277,
the radiative probabililities A< Z+. Therefore
Bgro %7, B*= Z=

The moximum possible value of galn 1s

B o Ha® 7 4l ZF e ) @R
Thus, at. Ng ~ Ne* o necded high gailn could be provided, but
only 1f a very high input of energy is used to create plasma
with necessary paramelers

Tec x ', HNaw=t »" 777, Bzl A7

Note that the total energy Er needed to create the ion with
charge Z 1s of the order of 20 Z772 ev, and ¥z, B =< Z%.
I

50 a very significant increase in pumping power as
compared to visible spectra is required. According to the
scaling uf galn g with decreasing the laser wavelength X is
naecessary to increase Hg and pumping power by 758 orders of
magnitude respectively.

A will be sbhown below exlisteoce of the lanverse
population In Lhe case of multlicharged 1ons usually 1s
provided by a rapld radiative decay of the lower level and
hence Lhe radiation starting from the lower level should
freely escupes, 1.e. plasma muisit be optically thin in
resonance lines, at least in transverse direction. Otherwise
the Litetim: of the tower level effectively increases and
tnversion 1s destroyed. In some 1nversion schemes the
Ilimitatlon on Lhe tranoverse placom dimension d 18 so strong
Lhal 1t practically eliminates Lhe possibility of obtaining
populatinn inversion, For example, in lle-ilke ions toversloon
betwoen triplet and ssinglet staten 3 28 - 2 ‘P, 3 #D - 2 'P
can be expected due to the large difterence tn radiative

decay ot P and &, 2D states. However, for a oumber of
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transititons at » 3-15 nm 1o He-like lons Mg'<*, P'es, (%

the transverse plasma dimension should be d < 10 = L.

In the case of very small transverse dimension d plasma

1s highly nonhomogeneous and the length L aof lasing volume
1% 1limited by refraction.
The radius of the beam curvature R in nonhomogencouds

pHlasma 1s glven by
~—f T
R =¢e, , Vi

-
where C);\/ is the unit vector of the principal normat to the

beam, n ts the index of refraction
2z 2
W= é:/
» 47/"% m

and e and m are the electron charge and mass. For o >> w.

n

1l

7- “J/%)z ,

7 Wi wl ;1 Y
/231-—2—5’2‘-’—/ /V&/—u;ﬁ(/ p fw(@; i

The maxfmum effective length of awmplification tn such
nonhomogeneous plasha L is of the order I < akd or

Nevs ) A Ao Aenf, i o

Assuming for example X = 10nm = 10~ <cm,
d = JUO'fy,m = 10"*cm, Ne = 102'cm"= we have
L <3 cm

Becouse of the lack of high-quality laser cavities the
required values of gain-length product gl. needed for real
laser in extreme UV and soft X-rays is 10« : 102 tlmes
larger than gl in vit—;i\%e or usival VY spectra. This
necetisitates the use of very degse plasmas wilh electron
concentration Rg of the order of the Boltzman equilibrium
liwit Ha*. The plasma with needed parameters for lasing at A
~10 nm can be created by focusing a high-power laser beam on
a salld target eimilar to that used in the experimests on

laser controtled fusion, buot vary strong limitablions on
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plasms volum: geombry are 1mposied by plasma opacity and
raetfraction. These limitations are contradictive. To have
plasms optically thin in resonance lines the transverse
dimension d should be decreased. The decrease In d leads to
plasmn nonhomogenity and as a consequence Increases the
refraction. The opaclty and refraction limltattons are very
tmpertant from pracllical reasoms. In some cases the
cxperimenlal schemes opt.iml from the point of view of
elemntary processes responcible for inversion are not
teanible becouse ot thece limitations.

The laser produced plasms (LPP) is expanding very
rapidly. The duration of the active medium is of the order
0of nanoseconds. Adilional problem is that the maximum
abundance of fons wilh needed charge, created in transient
placma, should colincide in space and time with other needed
plasma paramters.

S the problem of creating lasing LPP for short
wavelengths A~ 10nm is very complicated, As a result desplte
many ditferent approaches suggested in theoretical works and
treated experimontally, durlng many
years no succenssful demonstration of lasfag in LPP was
obtained. The question arised whether the plasma parameaters
needed for lasing and assumed In theoretical estimations are
pravided under real experimental conditions of expanding
LPP. Detailed computer similation of plasma expansion and
ktnetics of fonlzation and recombination was necessary to
answer this question. Only atter computer codesi for the
analytis of atomlic procesdes in L.LPP woere developed
consistently with the gandynamlies of plasma expansion we
nbtatned the graund realistic predictions for experimental
reallzatban i Lhee lasilng plasma. In the next sectinn we
diccus:, Lthe first seccenatnl atempto in Lhis dlrection.

o The Presont Htatus of Short Waveloeugth Loauers
A. Colllvjonal Punplng
The riteady slale popalation Inverslon on transitions a

o boot difterent Jong couald arise In some Iinterval of

SIEL MAR 1L

electron temperatures and densltles due to electron
collisional excitatlion aund rapld radiative decay of the
lower ievel b. The population inversion on dp-3s transi
tious of lons with ground electron configuration (2p)*  due
to electron collisional excitation of the 3p state and rapid
decay of the 3s state is the example of thie type.

For the simplest case cousider the Neon Like fon Gt
The levl diagram of this fon is shown in Fig. 1. The 2p* Hu-
2p= and 2p® 3d-2pStransitions are the allowed electric
dipole transitions. The states Z2p= 3p and 2} have the mame
parity and the electric dipnle transitions from the states
2p® 3p to the ground state 2p* are forbidden, 1t is easy to
sshow that population fnverslion on some of the 3p- 38
transitions in opticaly thin plasma could be expected.
Inversion exists as long as electron density and temperature
are malntalined at needed level, but the gain reaches fts
maximum vatue in very narrow interval of plasmn parameters.

To provide the maximum concentration ot Neon- I{ke: {ons
the plasma temperature should not be too iow or too hid. The
rate ot electron collislonal excltation rapidly increases
with temperature. But if temperature is increased above some
value the relative concentration uf We-like ilons decreases
due to the next steps of ionization. The expected gain value
ie strongly influenced by reabsorption of 2p= as5-2p=
resonance radtation. So the transverse dimension of active
plasma volume should not be too large, At the same time the
refraciion limitation on the transverse plasimn profite s
aleo very lmpartant. The simllar conslderations are valid
tor other dons of the ¥e 11ke isnelectronic sequence, The
flirst experimental attempts to demonstrate lasitng on 3p- 3
transfitions of Re like fon Ca'"* wore made at Lebodew
Physleal Institute, Moscow {41,

The plasmi active medlum wais: creabed by llnear tocus.loy
the radiation of the nendymium glass larwer on Lhe Lhin G
target. The normal i{ncildence reconator wilh dftfrme ool

nutput of radiation shown I n the Fig 22 wati wed .

AMKL NAR 1.



In rare choli somes ovldenco oF Fan i g waEa ool b,
However, sbot to uhot reproducibllity was not achieved
becousse ot the ditticully of providiag all needed plasma
parameters. therefore the demonsitration of lasing in these
experiments je guestionable and work was stopped with no
real success.

The firost abnolutely incontravertible demonstration of
high galn and lasling 1in ulitrasoft X-rays on the 3p-3s
transitions of Ne-llke tons has been achieved at Lawrence
Livermore Mational Laboratory (LLNL)Y £5,6). A very thin (75
npm? layer of selenium supported by thin polymer film
(%0 nm? bhas been utsed as a bLargetl.

Irradiated by two laser beams of neodymlum glass laser
Novette (puwer deonsity 5,10 w/cm”, pulse duration 450
psec) the target is unitormly heated. During the explosive
expansion plama contained Ne-like Se**~ions forms
practically homogeneous 200 om thick layer. The uniform
dansility in the central part of the plasma layer 1ls very
tmpurtant from the point ot view of refraction. The gain g
6 cm' has been observed for two transitions with ) 20.6 nm
and » 20.9 nm,

In farther experiments lasing bas been demonstrated
alsa on some transiitions 3p 3s of other Ne-1ike ilons Y29,
No?+<~[%71 and Cu?®*,Ge<Z*(H8]. Ho?<* has praoduced a gain
4 cm ' at » 13.1 and » 13.27 nm. The increase in pumping
power density between Se and Mo is from 5.10'= to 4.10'4
w/cmr®, It 16 easy Lo see that to use the same exprimental
techbnique for NHe like 1ons with silgnificantly larger charge
Z requires a very powertful! laser not avallable mow,

The same scheme 0f excltation (collisional excitation)
can be explolled also 1o the case of Bl Like luns. The level
dispram tor Nl llke foo Eu’s* s shown In Fid. 3. The
pupalation lovetrsion o produced on 4d 4p Lransitionms. 1ln
LLEL exparlments usiog more powertol Nova laser galns of

order of lom ' hai: been obtwerved on 4d 4p transition:s

STMHLTRAR [ 1.

Pib Sied B G6 sad 3 ¥l HWW oand in FRE<t 4 0,040 and X H.o
nm £91, (sea Table 1).
B. Recombination Pumping

Various electron processes preferentially #ill the
upper ion levels. The well known example is the three-body
recombination in overcooled plasma. The lower exclted levels
are populated by cascade processes and depopulated by
radiative transitions. This radiative decay is particulrly
fast for resonance level. In this way, a populatiaon
inversion can accur for transitions n=3-p=2 and n=4-n=2 1in
H-like 1ons. Recombination as a pumping mechanism in
neutral hydrogen plasma was proposed tn the early 1960 s
1101. To advance to shorter wavelengths recombination in
il-like ions has also bgen counsldered by many authors.

The possibllity of using the transitions to the ground
level during rapid cooling, when ground level is uanderpopu-
lated, is very limited. The needed time of cooling falls
drastically with increase of ifion charge Z, Z==. For
Z=10 must be shorter than 107'#®- 10-'2? gec. Even for
ce~ = 107'* gec. So the most promising is the inversion
betwean exclted levels arising due to collisionalradiative
cascades accompanying the electron capture into highly
excited states.

Population inversiom in an expanding laser-produced
plasma was reported in many experiments at different
geomtries of target irradiation and plasma expansion during
1670 5. (See 1-3) . For example a significant gain on 3-2
transition in CS* at » 16.2 nm was observed during the rapid
expansion of a carbon plasma created by the interaction of a
Jaser beam with a very thin 4 pm diameter carbon titber (111
L1221,

The most jmprecive resultc are obtatned 1o Princetons
Plasimy Physecea Laboratory (PPPLY L1131, The gott X ray laser
al PPPL is based on a rapldly recombining plasm confined in

a magnetic tleld. The radiation of Lhe CO. lasier with

SOBEL NAN F, T,
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maximum pulrey encegy af 1 k] and duration 70 nsec is focused
onto a carbor dise located in A strong magnetic field, up to
90 kG, creating a plasma of sufticlient temperature so that a
subsitantlal fraction of the 1ons are stripped of electrons.
Radiatlon cooling of the plasma confined in a magnetic field
atter the laser pulse producess rapld three body recombina-
tion 1nto highly excited states of H-l1ike carbon. The
population inversilon on the transition n=3 - n=2, : 18.2 nm,
15 tormed becausss Lthe level n=2 is rapidly depopulated by
the strong 2 1 radiative transition. The level diagram of
C=* with level population processes and the scheme of
experiment J: shown in the Fig 4, Fig 5.

A very important essential of this experemeant i«
magnetle field confinement.. TU enables to controll the
electron denslty, 1ncreses the plasma duratitn and forms the
plasma inta a long thin geomeblry suitable for a laser. An
important feature in the radial profile of plasma shown In
the Flg %. The maxtwmune population inversinn is generated luo
an antular reglion around the centre of the cylindrical
plasma.

A galn length product of gl. ~ 8 at x 18.2 nme has been
achleved with an output energy of 1-3 m) and beam divergency
S mrad.

In a rapidly recombining plasma a population
inverslon can aloo been obtalned fn other foms, e.g. in 14
l1tke 1ons between levels 4F or 5f and 3d, due to the rapid
radintive decay of jevel 3d [14, 15}, The small slogle pass
galn an the traosttion Hf -3d in A1’

A 1O am hass beon obsierved In 1161 (see aleso 11612,
C. (Mber pumptog wtx:hewes

The maln results obtalned (o demomnsitvating lasing in
LB b Lhe amplliting midia are sbown in Table 2. According
tor This Table we have vow diffevenl lasing transitions In |
Like, Ne 1the amd R Llke tons at X 220-10 ome do all ocases
elbher calllstonal pomping or reconbinftion pomping have

toeen wed, Dome ather inversion sohemess have boen aliio

SUIBEL T KAN 1
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discused. Population inversion may be effectively enhanced
by selective optical pumpling using two plasions, Lhe first
one asi pomplng plasma or plasma lamp and ssecond plasma an an
active medium. The upper level of the lasing fon 7 1n an
active medium 1s populated by an opacity broadened resionance
radiation of fons Zz from pumping plasma {Z. > Z,)I11, 18
211,

There are also discussed the schemes in which the
m:tastable and autofonizing levels can be used for storing
pumped energy (see for example 1222, 231).

The lasers presently operating at a» 20 10 nm requlre a
pumping laser energy of the order of 100] 1ki and power
density up to 10'4 w/cm®. Taklng into coonstderation the g
value scaling with M discussed above it 15 eany 1o eatimate
that using the same collistonal and recombinat lon puomplng
fschemes the pumplng laser energy for itasing at x ~ 1 nm
should be of the oider of 1 WN]. Becouse the cost of a laser
increased dramatically with energy a great deal of attention
in X-ray laser development is devoted to some new sichemes
bvaned on very short (picosécond and sub-picosecond) pumping
pulses which providé high power density at not high pulse
enaergy. The example of such scheme which has been conslidered
in PPPL is shown in Fig 6 (171,

The approach uses two lasers;. The first taser with
relatively high energy is to create a plasma column of
higbly ionized ions Z confined Iin a strong magnetic field.
Tt 1s possible to use elther CO. laser with pulse energy
~ 0.% ki, and duration ~ 50 nsec, or vexdymium glass faser
with pulsiee enargy -~ 100] and duration ~ 3 nrec.

The next step 16 to exclte one of the upper fevels of
the 1on 2 by mltiphoton excitation or fnner shell
tonfzatlion unlng the laser with very high power denidly.

The picosecond or subplcosecond laser with pulse encrpy
0t the order of few Jouls could be uted asn a necond latar .
In (171 the KrF laser 1s consddered tor the role of

|2
exyrem:ly high power later.

SUBEL NAN 1. 1.



Thés progress in powertul subplcosecond laser system
s very promluing tor the further experiments in the
tield of uhort waveloength lasers.

D Advances Lla X Kay optical compounents

The: progress Io the tield of the lasers with
wavelengthss shorter than 2 30 nm is very strongly influenced
by recent successes tn X Ray optical components. In this
spectral region no meterial trancmits or reflects at normal
inclidence. Due to recent progress in technology of
periodical sitructuren and thin £1lm deposition technliqnes
the production of normal iocidence miltilayer interterence
mircors and beamiplitters ls possible now. The different
patirs of deponsited layers Mo 5i, Au-C, ReC, ¥W-C are used
for difterent wavelengths in soft X-rayse providing normal
fncldence reflectivity about tens of percent. Figyres 7 and
8 tllustrate the pertormance of normal incidence mirrors and
beamsplitters around 13 om (24]1. The multilayer mirrors are
spectral selecttve. The spectral resolution A/ & » is
determened by the number of deposited layers. The great
achivement In X-Ray optics Is the production of spherical
multitayer mirrors.

At a result the usual approach to build laser cavity is
used 1o design of sotft X-ray laser systems.

E. Future applications of soft X-Ray lasers

If, a& expected, laboratory snoft X-Ray lasers are
develuped succasstully in the next few years they will be
very ilmportant instruments in different sclentitic and
technological appllcations. Soft X-ray microscopy in
biology, diffraction from crystals, material
pruocessing, includiag sott X ray lithography, and atomic
physics are utually quoted as the most llkely flelds of
applticatiang 131,

To tilustrate the new pousd bl libles offered by soft X
ray lasers we diocuss, briefly the Lofl X ray mloroscopy.  The
Breat deal of atteation 16 pold to this appelcatlon 1u

blaotogy oo 1171 1181, Sait X ray contact wl Croucapy

SUINKL NAN 1. [
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cells. It is well known that to be viewed by an electrun
microscope the biclogical specimen must be dried and
stained. Due to that some infurmation about the living cell
is lost. In soft X-ray mlcroscopy the specimen placed on
photoresist 1is contained in an environmental cell iusolated
from the vacuum system by a very thin (-~ 0.1 amy silicon
nitride window. The image is recorded on photoresist which
is later viewed by an electran microscope. The highly
coliimted laser beam has some advantages as compared to
conventional X-ray sources like synhrotrons of lens blurring
of the image and very short exposure time ¢ o~ 10 e
enabling flash images of live cells to be recorded. The
geveral minutes of exposure are usually uneeded for synhro-
tron radiationm.

The experimental scheme used in PPPL to develop tLhe
“Compusite Optical Soft X-Ray Laser #icroscope® (COXRALM}
{251 is shown in Fig 9. The system was used in initial
experiments to genmerate the contact imnges shown in Fig 10.

Only first initial steps in soft X-Ray laser microscaopy
in biology were motle up to this day but they are very promi-
sing.

It is very important for application in biology to
develop the soft X-ray laser in *water window®™, which
corresponds to the spectral interval betwean K edges of
absorption of oxigen and carbon x < 4.4 nm. Une of candidate
tor lasing in "water window® is 4d 4p transition in Ni-like
ton wWes~, X 4.315 nm [9]}.

4, Laser Produced Placwa as an Ktfective
Source of Soft X -Ray Radlation

Sorft X Ray lasers discussed above ‘are available now and
will be available 1in near future only in some pselected v jor
laboratories where there are exceptinnally powerful lasers
for creating LPP with needed parameters. Ther ctore 1t 10 of
interest to dlscuss what could be done in difrerent applica

tions uslng sipuntaneocus sofl X-ray radiatlon of LbPe,

SOBEL'RAK §. 1.
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LPP with electron temporature T. = 100-1000 ev and
electron demilty N~ 1079 10" cm @ radiates very
elfcctively in Lhoe sotft X ray spectral reglon, LPP with such
param:teres 1s created by sharp focusing onto a solid target
powerrful Jaser radlation providiog flux density q=10*=-10"=
w/em<. The fons with charge Z2-10-40 are created im LPP In
dependence of the atomic number of target matter. The firsil,
second, amt third barmonics of neodymium glass laser with
pulse onergy of the order of Jouwles or tens of joules and
duration of the order of nsec are usually used i such
experlmeats,.

The typlceal paramelers of LPP source of soft X-ray are
shiwn In Fig 11 togelher with outpot itntensity dependence on
target atomlc numtxer . The «fficiency of conversion of the
Tnitial laser pulne energy to the putput soft X ray energy
in strongly dependent nn initfal laser wavelength., For the
third barmonic of Nd glass laser is one order of magnitude
larger than tor C0O: laser., Under optimal experimental
condiflons for the targets with large atomic nymber Z = 50-
80 the conversion efficiency may be as high as = H0:70%,

The effective temperature of LPP radiablon Te = 100 200
av could be provided. To increane Te and some special
targets are succesnfuly used. In Fig 12 the example of such
target ittt sshown. The interior of gold sphericl cavity with
diameter 1 mm 1 irradiated by eix beams of Gekko-X1I laser
providing power density 3.10'+ w/oem®. The spectrum of the
sttt X ray radfation Iin the range 1:5 nm is simllar to
black body spoclrum with temperature 200 ev (261, (he of
the wmost tmportant disadvantages of LPP as a mource of X-ray
wati Lhal LPP radiates in siolid angle 2. After the spherical
multilayer mircors for sofl X-rays bocame avalablie the
sftuation changed drasticaly. Tt is possible now to collimate
or to focus the spontaneons radiation at LPP sigol ficantiy
facreantng the power demilty on Lha sample placed on fiome
disitinee trom BPP s 1o shown o Fig 13, The sichome ol

experiment in owhich Lhe power densidd by o1 the LPP radiation

SHIHNECMAR L.
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focused on a distant sample has been measurad it shown 1n
Flg 14, 15. Note that soft X ray output is high enough aven
tor comparatively low energy of lIaser pulsc, corresponding
to the YAG laser with pulse repelition frequency .o few
Hertz.

In Fig 18 some other version of experiment using
focusing multllayer mirror is shawn. Slightly LilTtlng one
of the mirrors it is possible to diesplace corresponddng
maximum of reflection is such way that radlation of (Gt
» 18.2 nm is reflected only by one mirror.

In conclusion it is of interest to compnre the LPP as a
smurce of soft X-ray radtation with synchrotron, This

comparlson is shown in Fig 17.

SYMIEL"MAN [, 1.
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Cutput Power

Gain Length
Demonstrated

Demonstrated

Lasing Medium

Measured Gain

Wavelength

Ne-like Se al =20 10° watt

6em™!

206.3A: 209.6A

107 watt

2cm™

106.4A

} Ne-like Mo

10° watt

al. =12

4 em™!

131A;132.7A

10% watt

Ni-like Eu ol =

1em!

71A

10° watt

alL= 4

Ni-like Yb

1¢cm™

50.3A

Tabled.

1087

20-01-0837-1910
AN T U 2693 8

Short-wavelength faser experiments.

Table 2.
Lab. 9\, K ion transition g, em-1
206.3 xxv [N 3p-3 5.5
Pl Er T A [Ne] | 3p-3s
550 |Yxxx [Ne] | 3p-3s -
157.1
Princeton| 182 cvi [H] 3-+2 gt~6.5
1985
Orsay [1053 | Atxt [L] | 5§-3d ~1 (3)
1985 | 127.9 | Mgx  [Li] 5% - 3d ~1
Rochester| 182 cvi [H] 3-+2 3
1985
LLN 1064 | Mo xxxui [Ne 3p-3 0.8
905 | 1300 | MO [Ne] | 3p-3s 2.0
132.7 1.3
139.4 0.16
144.6 0.16
NRL | 22414 ] CuXxX [Ne 3p-3s 2
1987 | 279.M [Ne] P ‘1':’;
284.67 :
196.06 | GeXXil [Ne] 3p-3s | a4
232.24 4.4
236.26 4.4
RAL | 182 v [H] 3»2 3
{987
Lne | 6583| EGY [N | 4d-4p | 06
1987 71.00 a 1.}
50.26 | Yb%2* [Ni 44- ~
56.09 [N P
RAL 182 cvi  [H] 3+2 44
1987 8094 FIX [H] 3+2 3

LLNL » Lawrence Livermore National Lahratorlr
Princeton = Plasma Physics Laborwtory, Princeton University
University Paris-Sud

reay =

chester = Universi Rocheste
N°|z Let urqwl u&fﬁa“ rator,

Aar _ P .4l . 2.t

Laboratory

A kot b oabloiw b,
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vansitlons of interess, The collislon ruics are given for
Ae=2% 0™ ¢m =Y und T, =600 oV. Lovel socrgies (n shec-
tronvolts) and spontancoud caiiksion rates are in purenthescs,

Fig_?.’:.

o

e

-



Luser Boam |

ft X-Ray *

£ X z
- - =
s 3
3 i
-4 2
3
%
-
<
KA
p)

Soft X-ray kmer principal.

THREE BODY RECOMBINATION

a

COLLISIONAL—-RADIATIVE CASCADE

LASING TRANSITION AT 182 A
N CVi

FAST RADIATIVE DECAY




LX4507 LASER v
OR

1

i

) Auntiased

1
Wavetength (A)

Fig. 7.

&

L SR

i



e i s e e

o
_epwondeds
> nil lejpey
weog .-
sese Aey-X __.Asuben DY 06
e
mpewonseds - |5 i s8€7 ‘00 M1
014N _.
leptosdijy yobrej

g8y

{y) yibuajanem y) ujbusjasem
om0z om0 o oH . D wp | om o oo o 0h %%
ﬂl.lll‘l-ll Tl_n-b:.. -nu..lun-l- ..-_- -n- .
L e, o I LI (-
/3 , 2
: ., " 3 ) - 8
i T, T .8 " W &
.’. . . < } B —
ﬂ I-i - on \Uﬂ : i) tot..m
- -~ o 8 i - "_
_M||[L||Lf|ril»klll|“(|\||llom e L — ot
pajiwsuel] ] paodljaY
- - — - —
lllllll - o—w - @N
s ——
b waptou|
auesquiaw N 1S Y00E Uo
(1L = N ‘Y12 = p) sohejinw 1S/ON

YOEL =Y punoie asueuniopad santdsweaq Aes-x



Laser produced plasma ( L.PP)

Laser
Te ~ { kaV
LeP Ne~ 0¥ em™ for A =1.06mm
arger £ 10+30 .
experimentzszectrd radiont power .
solutely measured x-ray gpectra i

w
L4

X-ray Conversion efficiency n=Ex-eay/E

for q,= 40"+ 10" W/en?,
high Z, target , A= 10+300R
LPP - effective source of soft X-ray
[ ' . - I'~100pmn
@A
8415 SKU _X4,000  Ivn WO14 ‘ T,~400eV  Pwp100eV(A£100R)
n= 04+0.7 "

4 L M Rw=250-800eV

[y | ] y

on
1x
&

X-ray conversion efficiency,%

o

0 2030 40 30 60 70 80
Atomic number
s u : .: LAber: q: ;40"" w/cm?
. ( H.C.Gerritsen et ol
3. Appt Phys 59, 2337 (1986) )




Mar- POk - INGHTUT  Jur (Ruantenopok, Garching,r KU e it

Emety gosr:: mc'rc Formation of intense XUV radiation {rom LPP
Au cavity
Qekko- XL Caser R
faser power #ns‘h’a MM (> LPP coltimated XUV beam
3. 10" W/em .

Black-body ( Planck) radiation MM image o4 the source
T with T=192eV

‘MM = muitifayer mirror
[ LPP= faser-produced plasma

experiment

Fig'. 13.

2l
~Planckion. T 192 eV
1k
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FORMATION OF INTENSE COLLIMATED XUV

RADIATION FROM LASER PRODUCED PLASMA
BY MULTILAYER MIRRORS

EXPERIMENT

multilayer mirrors:
Mo - Si R

2d = 180K
Rs 20% V

taser 0.53um E €20] t;=2ns

Mnete %
ra= {50 mm
od
aser produced plary Re target
Al filter diaphragm

2120, 220 mm

06um 13% At $iiter

1-2’““ 2% “'-fll\%m./
UF-4 photo‘}iim

Fig. 14
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Image of a plasma in the light of spectral line

(cvi 3-2 as2})
EXPERIMENT:
MM, MM - multilayer mirror
20
@ LPP - I image
MM, target
R p aﬂ. Zil 2&;182& ﬂg'%cosgz
aAy Ay=AgmAAy
R
.%'; | : fead LPP %.1 y
I X 2
@ o
24 I .
1 Moy @ 1\ Y
v : A 2'1823 Iﬁ
4 | (% : —
I "A
dI
IL» (#)AAM
Fig: 16.

Synchrotrons radiation and LPP

BESSY
B=1.4037T
E« ¥65 MeV
J= {00 mA

1000 ?t,ﬂ

A
10 100

spectral photon {lux:

for A={00-200 }

SR: 10" h": solid angle
Q,.3~Io"st
(3*3mm at dishance

Bm)

LPP: 5-10% phot/R. ot

peak power:

SR: repetition rate 108H:, pulse duration 0.1ns

1014 phot /R i

LPP: {x4cm? at a distance 10 cm from LPP

SR:

51020 phot /R .cm2 s
meah (time integrai) power:

10" phot /% .5.cm?

LPP: (45)- 10" (Pht/R s.cnt) * ¥ [repetition rate]

for V=2310Hz
Tiep = Isn

Fee {¥



7,

Yoy
.

N sl

. o



