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Abstract

It has been nearly halfla century since the invention of lasers, the use of
coherent light has become an 1ndlspensabla part of our world, such as optical
communications,  precision measurements, optical memories, and medicine.
Rapid progress in technologythas led to the dewvclopthent of coherent lights
that operate/in short-wayvelength regions, examples. of such light sources in-
clude soft x-ray.laserss The use of soft x-ray lasersthas considerable poten-
tial from the viewpoint of ploneehng research iin various ‘scientific fields like
high-resolution microscopy and,&rqlgg_aphy, “dense plasma measurement, and
nano-lithography; visible laser are;ﬂdeq.ya e for these purposes.-With the
advent of high-power short-p lse‘hgr'r‘s:-ESp clally the high-repetition-rate
terawatt lasers based omythe chirped-pulse amplification technique, it is now
possible to getterate ultrashort coherent, soft x-rays with aituch lower cost
and small size. ' An ultrashart hlgh—mt?ensmy laser pulse combined with the
optical-field-ionization (QFI CiOHlSlOIlal -excit 1#th niecliannism can be used to
produce a suitable x-ray gain imediums highly i nized plasma. In addition,
the ultrashort feature of the pumping source can overcome the problem of
the short duration of the“gain‘in’the x-rayiregion.' Considering the size and
cost, the use of a table-top, hlgh brightness; soft x<ray laser is advantageous
as compared to synchrotron radiations er x-ray free electron lasers.

This thesis first reports the development of an OFT collisional-excitation
soft x-ray laser that uses an optically preformed plasma waveguide. Us-
ing a 9-mm-long pure krypton plasma waveguide prepared by the axicon
ignitor-heater scheme, Ni-like Kr lasing at a wavelength of 32.8 nm can be
enhanced by 400 times relative to the case without the plasma waveguide.
An output level of 8 x 10'° photons/pulse can be obtained at an energy con-
version efficiency of 2 x 107¢. Then, under the same configuration of the
pump and waveguide-forming pulses, strong Pd-like xenon lasing and Ne-like
argon lasing were realized at wavelengths of 41.8 nm and 46.9 nm, respec-
tively. In addition to the main lasing lines for Ni-like krypton and Ne-like
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argon, other lasing lines are also observed; this is indicative of a strong en-
hancement effect and a large gas density in the plasma waveguide. With a
Kr/Ar mixed gas multi-species parallel x-ray lasing was also demonstrated,
showing the capability of generating multi-line soft x-ray lasers by using
the optically preformed plasma waveguide. In order to gain a better un-
derstanding of waveguide-based soft x-ray lasers and control them suitably,
extensive experimental results on the pump-energy dependence, density de-
pendence, and effects of parameters that control the waveguide fabrication
were studied in detail. Finally, in order to realize further improvements in
the optical qualities of the soft x-ray laser, a strongly saturated waveguide-
based OFT soft-x-ray laser seeded by high harmonic generation (HHG) was
demonstrated for Ni-likel Kr lasmg at a wavelengthof 32.8 nm. HHG is pro-
duced from the nonlinear intefaetion betvyeen intense laser and gas atoms.
During this process, eleetrons thaf_are ionized from the gas atoms oscillate
with the laser field; subsequently, they recombine"wjt—h their parent ions and
emit high-enérgy photonsd The emissions from different atoms-add construc-
tively and thus .réfaindgood spatlal and tem_poral coherence As compared
to laser seeded with/only spontaneous emlssmn the divergence of seeding
with HHG is greatly reduced fl“@ﬂ} L5 mﬂad' toll.1 mrad, which is about the
same as that of the HHG seed. ']?Eamglhﬁle HHG seed pulse also shows
enhanced spatial coherence fand cqgﬁ_le& olarization. Moreover, seeded
x-ray lasers do not suffer. from timingjitter relativeso the pump laser; this
is important for_pump-probe applications. WeF'believe that the integration
of high-harmenic seeding, optically* ﬁrréformeql lasma waveguide, and OFI
pumping forms one of the optimal archetype ?fla hlgh—repetltlon—rate high-
intensity, ultrashoit- pulse soft|x-ray laser.

[

keywords: EUV laser, Sofﬁx—ray laser; Seeded soft['xeray laser; Optical-field
ionization; Plasma waveguide;High-harmoni¢ generation.



&

TEOEP C MTE BE kSR A RRE AEHRET T R if
SEOREEAHRER RFEFEAREE? INFRHEIF A A FE
I AR o A LR 0 g SR LR R R e g R
T dogt Xk G Seng B o gt Xk § 7 AR* A2 EMEeE - A4 3 %
B J\:I'%/? |12 % ﬁﬂ’—’r)ii%éwﬂfuﬁi 52 m ’ﬂ—’fﬁiﬁ»%ff?ﬁ EF 5 LR E R fTen
FHEFT AT HTEREF R A X KT HDFE B FSIE I N T
ERR e AT Sk e B Re i %4°”W”®ﬁr4 & rAlg
SEJEEe K AR g B VLA 2 AR BRI E R T W E T 3
PRULAL TR 0 X P TSOR X R R 2 Gl m ek W b LT R i X
K FE AT R AL F PR XEEOR 5 F sk o X Sh RS T 8 B R
o A AR IREE > BV 8 R TR e

e (v A M@ u££§ ﬁ%égﬁm%%zﬁﬁ
Foges g X kg sl ¥ E?A%ﬂﬁwﬂﬁuééiX%*%gmmf4
kst T S PR B S E %@ﬁmﬂﬂ'ﬁﬁm$w$&ﬁ£—®&ﬂ&’T%
FoeH E L RSV g o g e 3208 AGRELE M X £ T S
J A g A { OB E R e o g f,,-,_FIJx’i"J 2107 o Fedkinfd Hede f 7
3l g ML 0 BAA b ﬁ44187ﬁﬁﬁm$+*469*%w%¢%
3% kL Rk T B B § 2 ﬁ%mr$Wiﬂw* *E R
Py A en X b g Bt A o KRG b ekt LA PR V-
G APEEF Y X RG R AT R R o R T R X
S R ME LR R e 2 A R SRR L b o D G R e R
FPE - B K KT A RRR A P - SRR T
PFHE RS BRSO LT AMPRFTHEY TR A AR B2 B8
Tl X R Rl 0 LS5 AR A iR el
Eis X %:"Eﬁiﬂ’ Eenfd S+ % fbro 2 {85 d PERY 7 B oAE S oH B e >
WeB R du?%ﬂ%éé@aX%ﬁ%ﬁ+¢%ﬁ%oﬁ@ﬁﬁ%»
Gk ] AP A HE A FRAM S L EA N DG RBRE T Y X
Thto A PAR LB R PFIR rﬁ%ﬁ%%/%ﬂaﬁ%%% B
FEOFTUREARAL R FRAE B REET X T - BEE S
¥ RA e






1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

List of Figures

Ilustration
the VUV to

%??;gay‘lf E s '. : f{};. ....... 2

Typica i"'-'hlg ~harn
vided into thrées

........... 3

4

Iutsa?p 5
Cla&gﬁcatl 8

Illustf%bn 0 ‘i"
excutatl —ra

Hlustrations of'-{r
and (b) 3d? 4d — 3

im g ll FL;
er. rf;,-;zl ...... z ........ 9
p 3p 811:1011 of Ne-like

hke ions. . ... ... 9
Lasing wavelengths as a function of atomic number for Ne-like
(circle) and Ni-like (square) transitions. . . . . . . . . ... .. 10

[lustration of a transient-collisional-excitation solid-target x-
ray laser. . . . . ... 11

[lustration of an optical-field-ionization gas-target x-ray laser. 12

[lustration of a grazing-incidence-pumping solid-target x-ray
laser. . . . . . 13

vil



viii

1.12 Ilustration of a capillary discharge x-ray laser. . . . . . . . ..

1.13 Tllustration of the 3-2 lasing transition of the H-like ion.

1.14 Scaling of the wavelengths versus ion charge Z-1: H-like ions

2.1

2.2

2.3

24

2.5

2.6

for 3-2 and 2-1 lasing transitions. . . . . . ... .. ... ...

Optical-field ionization: (a) multiphoton ionization, (b) tun-

nelling ionization, and (c ) over- bar_rler ionization. . . . .. ..
[-1_4 :r .E '-,'-,'L Fis J,.n

Calculated voll}tlon-.of ‘the relatphpopuﬁt ion of argon ion

species 1qP]zed by a hjn.eait-polap}@ ‘pulse (a) and a circular-

polarl d ﬁ'u];sﬂf" ylaser p ave‘%:%iaveleggth of 810

ensity of 3 x 1016

n in elgc ron
a,"ld_Aﬂf[ en-
o, I"é_tshed

=4 . . - . S ¥ '\'.
(a) Calcﬂﬁ.’ged ewblutmin of the relative ;’)i'pula{'bn of helium
atoms ionized by a c1ret‘;1'arly pola,rlzf-'ﬁ las pu'ise with a wave-
length of 810 nm dﬁrat nﬁof 50 fs—fFWHala’[ ), and peak inten-
sity of 5 x 10% W/ cm?. (b Ohletated variation in electron
density as a function of time (dne/dt, solid line) and ATI en-
ergy obtained by electrons ionized at that time (K 47; , dashed
line). The electric field of the laser pulse is represented by gray
lines in both figures. . . . . . ... ... ... L.

Calculated electron energy distribution under linear-polarized
pulse (solid line) and circular-polarized pulse (dashed line). . .

Energy-level diagrams of (a) Pd-like Xe ion, (b) Ni-like Kr ion,
and (¢) Ne-like Ardon. . . . . . ... ... ... .. ... ...

26

28



2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

2.15

2.16

(a) Calculated evolution of the relative population of krypton
ions by a circular-polarized laser pulse with a duration of 60 fs
(FWHM), wavelength of 810 nm, and peak intensity of 3.3 x
10" W/cm?. (b) Energy spectrum of the ionized electrons. . .

(a) Calculated evolution of the relative population of xenon
ions by a circular-polarized laser pulse with a duration of 60 fs
(FWHM), wavelength of 810 nm, and peak intensity of 8 x 10
W/cm?. (b) Energy spectrum of the ionized electrons. . . . . .

(a) Calculated evo utthn_'tﬁ thé relativ population of argon
ions by a cu"cu“l#mr- lan d laser pplse"wﬂﬁi a_duration of 45-
fs (FWHM) Wavelen%h—:of 810° _if,. and a }Sg&k intensity of

3 x 1017

Fabmcdtlon
heatgp_sche

: . s, ..f:._-u:r_ i-|"| .....
Line fOCU‘S].Ilg 12552 _ﬁﬁ W R [ ........

l-. ‘rdl 'E‘
Axial 1nten51ty g.istr;bu’mon of a Gaug-&an“hlea&l focused by an
axicon. (a) Shows*{he jl:.agsve se ,h‘teh&ty distribution of a
55-mJ, 60-fs input Gaussian beam with a 40-mm clear aper-
ture in FWHM. (b) shows the axial intensity distribution of a
Gaussian beam focused by an axicon. . . . . .. ... .. ...

(a) Modified axicon-ignitor-heater scheme, where a convex lens
of 40-cm focal length with a hole at the center 2 cm in diameter
is put in front of the axicon at a distance of 20 cm. (b) and
(c) are images of the beam profile of component (1) for the
ignitor and heater, respectively. (d) shows the image of two
components for the ignitor and heater pulses in the modified
axicon ignitor-heater scheme. . . . . . . ... ... ... ..

um of the 1omzed electrons.

X

31



2.17 Longitudinal intensity distribution of the line foci of the ignitor
(a) and the heater (b) in the modified axicon ignitor-heater
scheme. . . . . .. 41

2.18 Experimental layout for x-ray lasing in a plasma waveguide.
OAP: off-axis parabolic mirror, QWP: quarter-wave plate, TFP:
thin-film polarizer, W: wedge, OB: objective, CCD: charge-
coupled device. Four diagnostic tools were used: (a) interfero-
gram, (b) relayed imaging system, (c¢) on-line imaging system,
and (d) flat-field spectrometer. . . . . . . .. ... 43

— - f

2.19 (a) Interferogram :(!f-tl’{‘e g'gs jet from=""r the original 5-mm slit
nozzle. (b) lhﬁer‘ferogfam.:i'pf the gas Ft from a-B' -mm slit nozzle
with the edge blocked by a 50-jim-thick m}al S'l‘reet (¢)Gas

proﬁleé-.retrlev"éd“fr 44
2.20 Gas“:.'f)"l"dﬁu}e of

nozale I-.f\,"p to of

v TR S T W T 44

|
2.21 Tlustratio

of the ho

hng,/ mm a i lindri D: /1

back-ﬂ]iﬁ'fmn B O 45
2.22 Pho’l;e-of t_Fe"ex rimental seup. . . ANy ... 46
2.23 Interferdgrams o.ﬁ-the El* at 1UL"{5"S aft ﬁhe 235-mJ

cwcular—pola_pze&' pump f)ulse has 'ip%_sSed thre ug the gas jet.

(a) Using only the punip pulse with a focal position at 2.75

mm behind the ent aan of the gas jet rKrypton atom density

= 8.0 x 10’ ecm™3. (b) Using only the pump pulse with a

focal position at 500 um behind the entrance of the gas jet.

Krypton atom density = 1.6 x 10 cm~3. Beam profiles of

the pump pulse at the entrance and exit of the gas jet for the

condition of (b) are shown in (c) and (d), respectively. . ... 49

2.24 (a) X-ray emission spectrum and (b) angular distribution in
the propagation direction of the pump pulse for only a 235-
mJ circularly-polarized pump pulse with a focal position at
2.75 mm behind the entrance of the gas jet and a krypton
atom density of 8.0 x 107 em™3. . . . . .. ... 49



2.25

2.26

2.27

2.28

2.29

x1

Krypton atom density = 1.6 x 10! em™3. (a) Using only a

45-mJ ignitor. (b) Using only a 225-mJ heater. There is no
pump pulse and the interferograms in (a) and (b) are taken
after 2.71 ns and after 2.51 ns, respectively. (c) Using a 45-
mJ ignitor pulse followed after 200 ps by a 225-mJ heater
pulse. There is no pump pulse and the interferogram is taken
at 2.51 ns after the heater pulse. (d) Interferograms of the
plasma taken at 10 ps after the 235-mJ circularly-polarized
pump pulse is guided by the plasma waveguide shown in (c).
The beam profiles of the pump pulse at the entrance and exit

of the gas jet for thf Gohd'ltﬁon of (d) e:};,e shovvn in (e) and (f),

tively. =" _ o | |
respective yJ._ % -f,f’ : 50
& .
50
sepatation is 2y is 2. 5"‘ns ... bl

=4 [ .‘n'[:'- JY

SR #

(a) X- ravy.emls’s'i_qh'smﬁ.@glar i ution in

the propagat}en ('hrect'ign:“of the pulp puls' for %V 235-mJ circularly-
polarized pump _,pulse guided In a pure argon aveguide with
an atom density of 2. 7_j’>g }0 .!Cm'.l‘g 'The ignitor energy is
45 mJ, the heater energy is 325 mJ, the ignitor-heater separa-
tion is 200 ps, and the heater-pump delay is 1.5 ns. . . . . . . 52

Interferograms of the plasma taken at 10 ps after the 235-mJ
circularly-polarized pump pulse has passed through the gas
jet for a 45-mJ ignitor, 325-mJ heater, 200-ps ignitor-heater
separation, 1.5-ns heater-pump delay, and 2.7 x 10%-cm™ Ar
atom density (a) without and (b) with the pump pulse. The
beam profiles of the pump pulse at the exit of the plasma
waveguide are shown in (¢). . . . . .. ... ... ... 53



xii

2.30

2.31

2.32

3.1

3.2

3.3

3.4

3.5

(a) X-ray emission spectrum and (b) angular distribution in
the propagation direction of the pump pulse for a 225-mJ
circularly-polarized pump pulse guided in a pure argon waveg-
uide with an atom density of 1.4 x 10! em™3. The ignitor en-
ergy is 45 mJ, the heater energy is 180 mJ, the ignitor-heater
separation is 200 ps, and the heater-pump delays is 5.5 ns.

Experimental setup of the spatial coherence measurement for

a 32.8-nm Kr®" x-ray laser. . . ... ... ... ... ... ..
ﬁogt]:’smr&e & '3,132 nm Kr®t x-ray laser
dltiqps as fat g, 2-62( measured by
u‘b?fe—sht mterfé;romet _E_Images (a) = (d) show the
tferenc lit sepam@tlonsf of (a) 65,
nce ffbm the gas
151'5111ty as

Transverse spatla].
under the sanié co
Young’s
double—si

()8(?()

jet ﬂﬁ- the sht
P

1 [I .'- ¥ . I- '. ‘. I
Number 6f phot(}ﬂs of"iﬁ 8-nm Xedf, 32.8: 'nm K!,!H and 46.9-
nm Ar®t lasmg _‘,hnes With a pure- g;t plas a avegulde as a
function of heater eﬂerg’ ?thef pdr.ameters are the same

asin Tab. 3.3. . . . . . .

Number of photons of 41.8-nm Xe®t, 32.8-nm Kr®, and 46.9-
nm Ar®t lasing lines with a pure-gas plasma waveguide as a

function of pump energy. The other parameters are the same
asin Tab. 3.3. . . . . . . ..

Number of photons of 41.8-nm Xe®", 32.8-nm Kr®", and 46.9-
nm Ar®* lasing lines with a pure-gas plasma waveguide as a
function of atom density. The other parameters are the same
asin Tab. 3.3. . . . . . . .. Lo o

o4

o8

64

64

65

66



3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

Number of photons of 41.8-nm Xe®*t, 32.8-nm Kr®t, and 46.9-
nm Ar®* lasing lines with a pure-gas plasma waveguide as a
function of pump polarization. The other parameters are the
same as that in Tab. 3.3. . . . . . . .. ... ... ... ....

(a) X-ray emission spectrum and (b) angular distribution in
the propagation direction of the pump pulse for a 235-mJ
circularly-polarized pump pulse guided in a Kr/Hy mixed-gas
waveguide. The total backing pressure of the gas jet is 630 psi
and the Kr:H, partial-pres ure’.rat.lo is 1 : 4. The ignitor en-
ergy is 45 mJ, the heater gnefgy 1&50-"fnJ the ignitor-heater
separation J:qIZO DS, =a.nd5ithe heat;e!‘-pump de_!:ays is 2.5 ns.

5 I'l,-: | .-_T _'i: .l '.a-
Numbtér'of p ‘sa.g line W”ch a pure
Kr plasma wav mixed- gag‘plasma
Waﬁégm-ak (tri : qufénatlQn_elllp—
tlgty “Phe' r me as that for Fig. 3.7.
Nﬁmbgr of] hotons of ritllasing line with a pure
Kz plasma o mixed-gas
plasma wa eater. qqgrgy
The Oﬂ_ﬁ p Ll .

e :

(a) C‘C‘Dﬂ%w im nd (b)ix-ray emission sﬁectrur;i' in the
propagm;mn du’e(:i;loﬁ‘?ﬂ el{ir a 235"'mJ circu-
larly polaﬂzed p‘a:l‘hp p.ﬁl'SE guided i a!-pur'e rypt n waveguide
with an atom density-of 1.6 % 10" {F The ignitor energy

is 45 mJ, the hgateyen ey 15 225 phellgmtor heater sep-
aration is 200 ps, and H'éate!r mp delay is 2.5 ns.

Number of photons of 32.8-nm and 33.5-nm Kr®* lasing lines
with a pure-gas plasma waveguide as a function of (a) atom
density, (b) pump polarization, (¢) pump energy, and (d)

xiil

67

69

71

heater energy. The other parameters are the same as in Tab. 3.3. 72

Simplified energy-level diagrams of the Ni-like Kr ion. . . . . .

Simplified energy-level diagrams of the Ne-like Ar ion. . . . . .



Xiv

3.14 (a) CCD raw image and (b) x-ray emission spectrum in the
propagation direction of the pump pulse for a 235-mJ circu-
larly polarized pump pulse guided in a pure argon waveguide
with an atom density of 2.7 x 10'? cm™3. The ignitor energy
is 45 mJ, the heater energy is 325 mJ, the ignitor-heater sep-
aration is 200 ps, and the heater-pump delay is 1.5 ns.

3.15 Number of photons for the three Ar®* lasing lines with a pure-
gas plasma waveguide as a function of pump energy. The other
parameters are the same as in Tab 3.3 . .o

_'j"L - f

3.16 Number of photbns‘for th‘:_s three A.r,rJr 'gsmg lines with a pure-
gas plasma ﬂi!!avegulde asa functi _ﬂ.,b.f atom dﬁlSl.ty in the gas
jet. The of eIZ.Fparamét ame as Tab. 3.3.

g T Nl

3.17 Number of pho 8 lines Wltl'i‘a pure-

gas.,“plas-rﬁai Wi i pﬁf&mzahon el-

3.18 X-i'ay eml ion spe¢t

pf&l'ssurg-of
ratiois' 1 : 1.
is 220-mJ; ‘the'i
heater—p.ufﬁp dela" <1l . -
7 ."c ) L-“éa.-‘ﬂ 4
3.19 Number 5? photons for §2.8 nm Krf and 16.9- nr;!i ArSJr lasing
lines respectr\fely with a-Kr/Ar mlxed—gas pl sma waveguide
as a function of batﬂ{mj pl}assuje I;Thé-other parameters are
the same as in Fig. 3.18. . . .. . . ... ..o

3.20 Number of photons for 32.8-nm Kr®" and 46.9-nm Ar®* lasing
lines respectively with a Kr/Ar mixed-gas plasma waveguide
as a function of pump energy. The other parameters are the
same as in Fig. 3.18. . . . . ... oo

3.21 Number of photons for 32.8-nm Kr®" and 46.9-nm Ar®* lasing
lines respectively with a Kr/Ar mixed-gas plasma waveguide
as a function of pump polarization ellipticity. The other pa-
rameters are the same as in Fig. 3.18. . . . . . .. . ... ...

75

76

76



3.22 Number of photons for 32.8-nm Kr®" and 46.9-nm Ar®* lasing
lines respectively with a Kr/Ar mixed-gas plasma waveguide
as a function of heater energy. The other parameters are the
same as in Fig. 3.18. . . . . ..o oo

4.1 Tlustration of three-step model: (a) tunnelling ionization of
the electron, (b) electron in the laser field, and (c) recombina-
tion and emission of a high-energy photon. The energy of the
emitted photon is the sum of the ionization potential (,) and
the instantaneous kinetie ergy of- e electron at the moment
of recomblnatloF (M,ni} om Re B -

4.2 Experlmflp’eal la_yout qf-t-hé seededﬁi’avegmde—b&sed soft-x-ray

laser. #OAP: abolic r : quarter-wave
m polar;zer W:
“Four diag-
e}ayéd imaging
d (d) ‘flat- ﬁeld'spec—

Wedge': ®B: obj
noé’t’lc h; ere us
S}"jstem (c 'u on-line i

t;_‘Q‘;neter ......
4.3 (&) Illustre

4.4 Photo,gft e ex;iirl ’ 1-:'1;&..: - SN

4.5 Angular proﬁles of ai,%he HHG sé‘e‘q, ) the Ni }hke Kr ASE
soft-x-ray laser a!t 32.8-nm, and ( ) the eed_ed soft-x-ray laser.
The insets in ( ﬁ:, aﬁd (c) are the CCD raw images of the
HHG seed, the N1 hke Kr ASE soft-x-ray laser at 32.8-nm, and
the seeded soft-x-ray laser, respectively. . . . . . . . ... ...

4.6 X-ray spectra of (a) the HHG seed, (b) the Ni-like Kr ASE
soft-x-ray laser at 32.8-nm, and (c) the seeded soft-x-ray laser.

4.7 Angular profiles of (a) the ASE soft-x-ray laser, and (b) the
seeded soft-x-ray laser in the case of without waveguide.

4.8 Experimental setup of polarization measurement for a 32.8-nm
Kr8* x-ray laser. MCP: micro-channel-plate detector . . . . .

XV

88

94

96



XVvi

4.9 Intensity of the HHG seed as a function of half-wave plate angle. 98

4.10

4.11

4.12

4.13

4.14

4.15

(a) Intensity of the HHG seed as a function of analyzer angle.
(b) Intensity of the ASE soft x-ray laser as a function of an-
alyzer angle. (c) Intensity of the seeded soft x-ray laser as a
function of analyzer angle. . . . . . . . . ... ... ... ...

Angular profiles of the seeded soft-x-ray laser for various time
delays between the HHG seed and the amplifier pump pulse.
The inset shows that of the soft-x-ray signal integrated over
the FWHM of the angular profile of the HHG seed and over
the FWHM of the spectral width offthe seeded soft-x-ray laser.
The dashed line indicates that of the;ASE soft-x-ray laser. The
error bars indicate thesstandard“deviation over 5 laser shots.
The other parameters are the same as that.described. for the
Waveguid,e—based I amplifier:” . . (. - s R . . .
Soft-x-ray 81gnal mtegr[a,téd ove}' the EFWHM of" the angular
profile of the HHG seed aﬂﬂf'nv‘err tqe EWHM of the spectral
width wof the seeded Nit="" laser for various time delays
between the HHG seed and the anjpl ifier pump pulse. The
error bars indicate the stan _;_i dev1pt}on over 25.laser shots.
The otHer parameters are thessame zims Lthat described for the

pump- only x—ray a pllﬁer ...... ! I

p
Angular profiles-in, theshérizontal plane for',various horizonal
positions-of the HHG-seed focus withi respect to the longitudi-
nal axis of the amplifiet; Theserror-bars indicate the standard
deviation over 5 laser shots. The-other parameters are the
same as that described m Sec. 4.2, . . . . .. .. ... ...

Intensity of the amplified seed as a function of horizontal po-
sition of the HHG-seed focus. The error bars indicate the
standard deviation over 5 laser shots. The other parameters
are the same as that described in Sec. 4.2. . . . . . . .. ...

Intensity of the amplified seed as a function of vertical position
of the HHG-seed focus. The error bars indicate the standard
deviation over 5 laser shots. The other parameters are the
same as that described in Sec. 4.2.. . . . . ... .. ... ...

. 102

103

104



4.16 Intensity of the amplified seed as a function of longitudinal
position of the HHG-seed focus. The error bars indicate the
standard deviation over 5 laser shots. The other parameters
are the same as that described in Sec. 4.2. . . . . .. .. ...

4.17 Beam size of the HHG seed as a function of longitudinal posi-
tion with respect to the waveguide entrance when the HHG-

Xvil

seed focus is positioned at 2 mm behind the waveguide entrance.105

4.18 Fringe visibilities as functions of slit separation and their Gaussian-
fit curves for the seeded soft-x-ray laser (s

Ay LY ! | 2

quare) and the ASE

soft-x-ray laser.(cirel



Xviil




Chapter 1

Introduction

known” radiation has 5 ar i eas, ra:g.gmg from
physics, chemlstry, i 1sh1ng in-
vention 1n't"rrfé hlst'br aiman [2].

Since then the use of
world, with apphcafg IOI'I-S_,_ _p'Teel§10n measure-
ments, optical sterages and ‘playing a trillion-dollar role
in the global eddnomy [3h 'Rec apld p%&gﬂes in technology has
opened an opporttmg;y t6 comfb;he the x-ray and las rs}echnology, taking
advantage of the short vm\fe }ngth and laser- ke guphty to create ultrashort
coherent x-ray sources. 1] J.' j'-' J] 1

Before proceeding with the introduction of these coherent x-ray sources,
it is necessary to define the spectral range of x-rays. Figure 1.1 shows por-
tion of the electromagnetic spectrum extending from the vacuum ultraviolet
(VUV) to the x-ray region, with wavelengths across the top [4]. The spectral
regions from long to short wavelength are the VUV, the extreme ultraviolet
(EUV/XUV), soft x-rays, and finally hard x-rays. Traditionally soft x-ray
region is considered to begin at about 300 A and end at 2 A. However, soft
x-ray is also defined as a broader range which extends to 700 A [5, 6] and
overlaps with the EUV region. The subject of this thesis focuses on this soft
x-ray/EUV spectral range. In the regime of short wavelength, it is traditional

1
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Figure 1.1: Illu{t}"atlmff—th . ctrinn e;ﬁ;ﬁndmg from the
VUV to the ﬁ:fay region.,

[l
Y ey e,
and practm" f tb—ii@b eV units as .-@:"1 -_-'; Through
the relatlo'ﬁ!-.')\ = ¢/v, the ph t E“P represeﬂted as 1?'.‘
‘H | e
i) , \/ L (1.1)
where ) is the.wavel is{the lightl speed| i @m-tlfgfrequency,
h is the Plaﬁk !E'(')_nst ! d b?l'-fh%'lower scale
in Fig 1.1. g '_,-:,._,._. :.
.-— -f | -u E' x|
Ultrashort mhe ent goﬁ: X=L ‘&aieoui_;p various scien-
tific research. T&\shbﬁﬂ' avelen £y heﬁ%ﬁl‘ al tools for high-

resolution mlcroscopyy hologra,glry nano- 1¥@graph !ﬁx-n the diagnosis of
high-density plasma. 'Vﬂﬁ-f;h he_intense and . ha ort features, they may

also open up extreme, uneprgd-jgg?d%sj 1 as x-ray nonlinear optics,
time-resolved x-ray diffractometry of biological and inorganic materials, and
medical diagnostics.

In general, ultrashort coherent soft x-ray sources can be divided into three
categories: (1) high harmonic generation (HHG), (2) soft x-ray laser (SXRL),
and (3) x-ray free electron laser (X-FEL). They are developed based on dif-
ferent experimental approaches, and each source has distinct properties on
output energy, pulse duration, spatial and temporal coherence, and spectral
range.

High harmonic generation occurs when a femtosecond laser pulse with a

2
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) fundamental : 810 nm (IR)
perturbative  25th harmonic: 32.4 nm (Soft x-ray)
regime

plateau

n\h\.\cut-off

0 10 20 30 40 50 60

harmonic order

L ke

Figure 1.2: Typi(_:gtll{j'hl‘iéh:harrﬁ pfd,specti@i- The s-pé'gtgl_m can be divided
into three partii’t e _pg_'i_@rba i i t low ordérs, the plateau for in-
termediate orders, and jth \“dé'js (from Ref[1]).

N
n -"'-; - 1]
[l T,
moderate intensity ( .pu.<§etf on gas atoms.
During the process ' the fr : s, jonized from the atoms, oscillate

energy ph,out,onsi.' T
retain the g_z)od spa ’
usually coi‘Bli'_st'S'?f'th lua':_ée‘f':-fréa‘uency and
can reaches down to t s shown in Figure 1.2
(from [8]). The intensities of high harmonics fall off v pi-d-ly'_at t e first several
orders, then aﬁpe_z;{ﬂ:‘fé‘ form-a plate ) sharply-at,the cutoff order.
High harmonic generation has’ t pﬁﬁgé';:duqatii;'i{ from sub-10-
femtoseconds to attosecords (9} due to its Broad bahd\_zvigit% (AN A~ 1072),
but has a limited enefg‘;-y in the nJrange [10]. Hoyvefviﬂ;,llifHG can be produced
by using a table-top laser source; iu_}’i fe}?'e_ sélﬁ_uph's relatively simple.

constructively and
harmonic spectrum

The soft x-ray laser, like the visible lasers, is based on the creation of
a population inversion between two atomic levels to allow the amplification
radiation by stimulated emission. Therefore the soft x-ray laser has a dis-
crete spectrum, and the specific wavelength depends on the energy difference
between the lasing levels. In the soft x-ray region, highly ionized plasma is
chosen as the lasing medium, which is generated from the solid or gas tar-
get irradiated by a high-power laser, or high-voltage discharge in a capillary.
Recently, the rapid advances in pump sources including the development of
multiterawatt table-top laser systems based on chirped pulse amplification
and fast capillary discharges capable of generating highly ionized plasma

3
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\"}// L
‘NV\N\/ mﬂwg (L)

Figure 1.3: Schematic of an amplified spontaneous emission laser (from

Ref[11]).

columns with very high uniformity-and long length, push the soft x-ray lasers
toward higher intensity-and compaet-size.. Severalmovel mechanisms, such
as optical-field-ionization collisional excitation and+grazing incidence pump-
ing, greatly reduce the pumping energy and raise the operation rate of the
soft x-ray lasers-to' meet the practical requirements: These developments
provide a promising future for tabie—top high- repetltlon—rate soft x-ray laser
sources. However, soft x-ray|lagers haye 1 relati Vely high brightness due to the
high monochromaticity (AN/X ~d0=" anIi short pulse duration (few to
tens of picoseconds).. The pump ‘e Igy 'requlred for general x-ray lasers is
ranging from few hundied millijoule ato few htmdred joules, depending on
pumping mechanisms. Due|to the li Ijeatlon of x-ray optics, the soft x-ray
laser is generated from the phﬁed Spontaneous emission (ASE) in which
the amplification starts fro the randomly dlstrlbuted spontaneous emission,
and thus have partially spatial coherénce. Flgfure 1 3 (from: [11]) shows the
illustration of an ASE laser:!

The x-ray free-electron laser (X-FEL) [12, 13] 4§ often referred to as the
fourth-generation synchrotren radiation: They can provide a peak spectral
brightness eight orders of magnitude higher than the storge-ring synchrotron
sources. Unlike the general x-ray lasing via bound-electron transition, free-
electron laser replace the lasing medium by a relativistic electron beam which
freely move through a magnetic structure, called undulator, thus in term
free electron. Figure 1.4 (from [14]) shows the illustration of an x-ray free-
electron laser. Initially all electrons only emit incoherent spontaneous ra-
diation. Through the interaction of this radiation and the electrons, a pe-
riodic charge density modulation is induced in the electron bunches, called
microbunching. The period in the microbunches is equal to one resonant ra-
diation wavelength, then all electrons begin emitting radiation in phase. This
results in an exponential increase of the radiation intensity along the undula-
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high-energy
electron beam

- x-ray laser

—

GBIy,
Figure 1.4: Illust@-ﬂn of-a_g_l Xeray fre -gec !:} (from Ref[14]).

A u- | b—-,r '.:_J [T i
tor, leading toﬁ!’e laser:like proy f i atlon ‘I phﬁed from
incoherent spﬂ@ aneous € | aser is also called self-
amphﬁed S| nt';?épu d he it avelength

can be WI"]@

(1.2)

with

and

' ﬂélec‘cron charge,

, where F is the e’ﬁ
c the light speed i _%r Xi{’l- 11%1 perl(z_dl}:.and B, is the peak
magnetic filed in the u@l Unhke sof '-':Fasers where the wave-
length is determined by t “;Img species, the wavelength
of X-FEL can be varied Contlnuously with the magnetic field or the electron
energy, and X-FEL gives the possibility to achieve very short wavelengths
at high electron energies. In addition to the short duration (about tens of
femtoseconds), X-FEL has excellent optical qualities, such as low divergence,
polarization, and high spatial coherence. However, for a SASE X-FEL, the
microbunching takes place independently in different parts of the bunch and
limits the temporal coherence of the radiation.

In summary, high harmonic generation has a much shorter pulse dura-
tion due to its broad bandwidth, making it more suitable for pump-probe
experiments that requires much higher time resolution. Nevertheless, this in

5
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turn results in a much lower spectral density. Its output energy is the lowest
among the three x-ray sources. Soft x-ray lasers are favored by applications
that require narrow bandwidth, such as x-ray diffraction, resonant excitation,
and photoelectron spectroscopy. It provides higher energy than HHG, but
has a poorer spatial coherence. X-ray free electron laser can provide more
intense x-ray pulses with short pulse duration, but it is costly and much
less accessible. Each of these coherent x-ray sources has its own advantage,
and the best choice depends on the nature of the application. Recently, a
straightforward idea is to use HHG to seed into the soft x-ray laser or x-ray
free electron laser, thus combining the high beam quality of HHG with the
high output energy of soft x-ray lasers or X-FELs to generate a high-intensity
highly coherent ultrashort soft x-ray souree,

1.2 Soft; X-Ray'Lasers

1.2.1 Imtroduction to Soft X:Ray Lasers
— |

The pursuit for x-ray.lasers b guﬁﬂ‘ﬁﬁﬁﬁteﬂy after Maiman demonstrated
the first laser in 1960. However, twosproblens Fhindered the initial develop-
ment of soft x“ray*lasers. The first o :,_'_i_s the lack of high teflective mirrors
in the x-ray region, makin%h ray laser cannot be operated efficiently in a
cavity-like oscillator” that, is commonly used n rthe visibleHasers. Secondly,
the upper-level lif:e‘timerof soft x-ray lasers is so shortthat sets a limita-
tion on amplification in @ cavity.  Therefore, softix-ray lasers are usually
operated at amplified-spontanégus-emission (ASE)'regime with a single-pass
or double-pass amplification, or so-called mirrorless amplification, and thus
need a large gain-length product. Moreover, the power density necessary to
obtain a given gain coefficient scales with the pumping wavelength as A~
or A™* [15], depending on the broadening mechanism of the lasing medium.
Hence, the pump power required for lasing at soft x-ray wavelengths is often
dramatically larger than that for a visible laser. A simple estimate shows
that a saturated ASE soft x-ray laser at 50 nm requires a pump power den-
sity 107 times larger than that for a 500 nm green laser [15]. Highly ionized
closed-shell ions is chosen as the lasing medium for soft x-ray lasers. The
closed shell ensures the ground-state ions to have a high ionization energy,
and thus make them stably exist with a large abundance in the plasma. In
additions, the inner-shell electron transition from a highly-ionized atom can
provide high-energy photons in the x-ray region.
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The first x-ray lasers were demonstrated in 1985 [16, 17] by using collisional-
excitation and recombination schemes, respectively. At that time, the most
powerful laser (energy on the order of kJ), called Nova, was used to meet
the high energy density requirement for x-ray lasers. Thereafter, tremendous
progress was made in output, beam qualities, compactness, and repetition
rate of soft x-ray lasers. The latter two features are particularly important
for practical applications. Nevertheless, the invention of high-power laser sys-
tems plays an important role in the development of soft x-ray lasers. Because
the parameters of the driving laser pulse, in particular the peak intensity and
pulse duration, primarily control the space and time evolution of the plasma
in the density, temperature,;and ionization stage, thus affect the main char-
acteristics of the soft x-ray laser beam. They also determine more practical
features such as the cost, scale,~and everi-!repetition rate of the soft x-ray
laser system. Henee, the progress-of-x=tay laser résearch is always closely
linked to the development ofthigh-power laser teclmology.

Other excitation schemes have also been proposeds in¢hiding photon ion-
ization pumping by thermal ¥-ray Sources 18, 1?] or resonahtphoto-pumping
by specifi¢c X-ray line emissions 20] Qe@;gé elnes provide the potential ad-
vantage of yielding a lasing W%Velenéﬂf Ofg< |2 nm. However, they have not
yet been experimentally demonstrated. Fhe most widely used classification
is by the pumping scheme, and Fig. 4:5 shows #uch a classification of x-ray
lasers. Among-all; the two major schémes, collisional excitation and recom-
bination, will bé addressed Fl he folTozv;ing sept?ons. !

: |
4 FI C

1.2.2 Collisional;Excitqtion Soft X:ay Lasers

A obvious feature of currently operational x-ray lasers is that they are all
based on the collisional-excitation pumping scheme. The collisional-excitation
scheme has already been used in generation of the visible or near-ultraviolet
lasers, such as the cw argon ion and krypton ion lasers [21, 22]. Following the
success in the development of these lasers at long wavelengths, this pumping
scheme is further applied to the soft x-ray region. In general, the pumping
process can be illustrated with the energy-level diagram of Figure 1.6. Ini-
tially the atoms of element X are ionized to the ¢+ ions at the ground state
o, then the ions are collisonally excited to the upper state u by hot electrons
(hundreds of eV typically), as shown in the equation [4]

Xt te— X (1.3)

7
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Soft x-ray
lasers
Recombination CoII!su!nal phott:m
excitation pumping
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/ / \ state
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- Transvgrse GRIP :—"’:-.
Lok iy pumpmg

|
F
Figure 1.5: Classifigation of Soft x—giésets |b different pumping schemes.

On the other hand, the lower lasmg el is al populated by electron col-
lisions, but radiativeidecay of this level'to grcL d state can.be much faster,
whereas that of upperistaté d rectly to grourld state is_optically forbidden.

Therefore the popu._],a,tlon inversion between uk} er and’ loyver levels is estab-
lished. .

In principle this pumping seheme could ‘bn'(_a put on any ion with appropri-
ate lasing levels. Experimentally-high-gain x-ray. lasers based on collisional-
excitation scheme were demonstrated only in three isoelectronic sequences:
neon-like (10 bound electrons), nickel-like (28 bound electrons), and palladium-
like (46 bound electrons) ions. These ion species all have a closed-shell struc-
ture and thus a high ionization energy, making them relatively stable lasing
ions over a wide range of plasma parameters. Over past two decades, theo-
retical investigations and experimental demonstrations mostly focused on the
3p — 3s transition in Ne-like ions and 4d — 4p transition in Ni-like ions over a
broad range of atomic numbers. Figure 1.7 (a) and (b) show the energy-level
diagrams of the Ne-like and Ni-like ions , respectively. X-ray laser lines were
generated between 60 and 10 nm in Ne-like ions and between 25 and 4 nm
in Ni-like ions [15, 23], and Figure 1.8 depicts the lasing wavelengths as a
function of atomic number for Ne-like and Ni-like ions.
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The early demo ay | lasers-rehed on a

huge laser"f"tzll'rl:y‘th e lla"lq()ra%b ies in the
world [16]. Tn this cas : o1e relatf’hiy long (on
the order of g,zla second); ‘ ord er...of"a k]i'lojoule) laser
drivers with a ng;%epetm . ) 0 one sho‘r, hour) Because

the pulse durat‘i@ﬁ of ﬁﬁ_g.‘ﬁum S 1 gh la%gm than the population
inversion lifetime, “the 5(—1"3-5')'7 1a§gr ‘pumped by this type of aser is referred to
as quasi-steady-state ( QS ray laser. The high'c ost, large scale, and low
repetition rate severely hmge‘djha lo_pj'nerft-s and applications of soft x-
ray lasers. However, with the advent of’c e chirped pulse amplification (CPA)
technique for high-power laser systems, considerable progress was obtained
through the use of picosecond to femtosecond laser pulses combining with
two new methods: transient collisional excitation and optical-field ionization

(OFI).

The transient excitation scheme was proposed in 1989 by Afanasiev and
Shlyaptsev to increase the efficiency of lasing [24]. This scheme utilized the
difference between the population inversion lifetime (a few tens of picosec-
onds) and the ionization time (hundreds picoseconds). A prepulse with an
intensity of about 10 W/cm? and a duration on the order of one nanosec-
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ond creates a plasmh"vvlth a- ‘éu}-?able de _ity and 10

[ Lt

m‘F;J,gatlon state. Then
the plasma is rap,ﬂﬂly ated by a ulse Wlt'h._r_an intensity of about

10% W /cm? a.'a‘hl a duratic "‘m:éosecoﬁa Because the
time for hea_{ﬂ!g-__‘ahe elect
energy is mmh%"bdrt ; 'o‘li["‘;nd .pi:her plasma
evolutions, a lar i ‘ ion 1 16 1 Mtablished The
first transie: j
like tltanlhﬂl lasmg t32.6 n )] ereafter, lasing was ﬁa‘formed at
shorter Wa“plength ) also ogtamgd [27, 28]
using various solid ation x-ray lasers,
solid slab ('5!'7"f01}q-,-a're or-%jiﬁd,—%rget X-ray
lasers, the ﬁfahs’iferse us sed, as é‘hown in Fig-
ure 1.9. In tfif_@con dieng’ 1é,,’1"0)iv, ’the required

pumping energy is still lar and the repehflp rate is too low
(one shot in a f“é-\;r‘mlnuﬁt@j' to P sev ral 1&1 %hcatlons such

as x-ray hthogra,pﬁgz and “f ra,y_'_ll;adlographﬁ...a._ r 'l

In 1988, another novel ‘FEeﬂde:ipﬁ alaﬁeiﬁ—lomzamon (OFI) pumping,
was proposed by Corkum and Burnett [29]. Instead of the collisional ion-
ization and heating which are dominated in the operation of solid-target x-
ray lasers, the atoms are ionized to specific ion species through optical-field
ionization and simultaneously obtained a large energy by above-threshold-
ionization (ATI) heating in the operation of gas-target x-ray lasers. In gas-
target x-ray lasers, longitudinal pumping is the preferred method to make
good use of pumping energy, as shown in Fig. 1.10. The required pumping
lasers for OFI x-ray lasers are femtosecond terawatt laser systems, with a
repetition rate of 10 Hz. Therefore, OFI collisional-excitation x-ray lasers
driven by a femtosecond high-repetition-rate laser are dramatically reduced
in cost and size, and can be operated at 10 Hz, providing a very promising
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Figure 1.10: Illustration of an optical-field-ionization gas-target x-ray laser.

scheme for practical applications. The details of OFI collisional x-ray laser
will be described in Chapter2.
- ¢

Recently a modification of the, transmqt collisional scheme, grazing in-
cidence pumping (GRIP), was proposed by, Shlyaptsev et al. [30] and first
demonstrated by Keenan etfal. in 2005 [31], The*uiain difference in GRIP
scheme is that the shortépulse, which creates populatlon inyersion and gain,
is to use refracm@n in grazing incident geomej;ry to redlrect the pump beam
along a region of selécted eléctroﬁ’* densrc& neair target where the soft X-ray
gain is maximum. This leals rﬁ‘ﬁ?if-q;nd,nq ¢ased absorption of pump energy,
thus better pumping efficiency: Fui hﬁ; erisrcy at which the short pulse
is absorbed can be matched to théfop fﬁ'flrd ensity for gain by adjusting
the grazing angle. Theréfore GRIP s¢heme reducesithe pump energy to sub-
joule, which caitbe operated in a tabléstop hlgh repetition-rate laser system.
Figure 1.11 illustrates the setup of a GRIP X y laser. In addition to the
laser-driven X-ray‘_la;;'se_rs, ca 1l‘t1ry discharge pk ping opeped up a new road
in the development.of soft x-ray lasetsssRocca and.his group demonstrated
saturated lasing in: Ne- hke Ar ionsat46.9 nm by’ fast high-voltage discharge
in a capillary [32, 33]. This pumpmg conﬁguratlon is.shown in Figure 1.12.

1.2.3 Recombination Soft-X-Ray Lasers

Recombination scheme was proposed by Gudzenko and Shelepin in 1965 [34],
and was first demonstrated by Suckewer et al. in 1985 [17]. In this scheme,
the atoms also need to be ionized to a closed shell, such as H-like or Li-
like ions. Next, the ions and electrons have to recombine very fast through
three-body recombination (2 electrons and one ion), in which an electron
loses the energy to another electron and then combine with an ion. Then the
recombined electrons are initially trapped in the highly excited states and
decay downward via collisional-radiative cascade to the upper state. Usually
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Figure 1.12: Illustration of a capillary discharge x-ray laser.
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where n. and 7, are the electron density and electron temperature, respec-
tively. Therefore, the generation of large population inversion by recombina-
tion requires a dense and relatively cold plasma. As seen from the equation,
the collisional recombination rate R is proportional to the square of the elec-
tron density. Moreover the recombination rate is also extremely sensitive
to the electron temperature. Therefore, the generation of large population
inversion by recombination requires a dense and relatively cold plasma.

An important feature of recombination x-ray laser is its lasing wavelength,
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CHAPTER 1. INTRODUCTION

1.3 About the Thesis

This thesis records my efforts and accomplishments in the development of
soft x-ray lasers. Most of the work presented in this thesis was conducted in
close collaboration with my colleague Ming-Chang Chou. The experiments
described in this thesis was performed at the 10-TW laser facility in High-
Field Physics and Ultrafast Technology Laboratory, part of the Institute of
Atomic and Molecular Sciences (IAMS), Academia Sinica, Taiwan (R. O.
C.). The organization of this thesis is as follows.

Chapter 1 gives an oyerview of the ultrashort coherent soft x-ray sources
and their advantagesiand limitations for futtire applications. Special empha-
sis is given to the 1ntroduct10n of the soft-xeray lasers which is the subject of
this thesis. :

Chapter 2 reports the demonstration of an optical-field-ionization colli-
sionally excitated xsray lasing by usmg an optically prefornyed plasma waveg-
uide. With a 9-mm-long pure krypton plérmsma waveguide, prepared by using
the axicom-ignitor-heater scheme 328-mi. Ni-like Kr lasing is enhanced by
400 folds relative to the case Whtho?-plasmh waveguide. An output level
of 8 x 10 photons/pulse i Teached!dat an energy cemversion efficiency of
2 x 107°, and_the d1vergenfe ngle of whichlis 5.6 mrad. ;Under the same
configuration of/the pump an Waveguide forming pulses strong lasing at
Xet 41.8 nm and Ar®F 4619 nm are also achiéved. Finally, spatial coher-
ence measurement:ef the 32. —Em Ni-like kryptﬂor! lasing Hhy“using the Young’s
double-slit interferometry are-teported inSection 2.6,

Chapter 3 reports the ‘demonstration of-different kinds of multi-line soft
x-ray lasers. They include three different lasing lines in the three various
pure-gas plasma waveguide, multiple lasing lines'in the same pure-gas plasma
waveguide, and the simultaneous multispecies x-ray lasing in a Kr-Ar mixed-
gas plasma waveguide, showing the versatility of the waveguide-based soft
x-ray lasers. To gain a deep insight, extensive experimental results including
the pump-energy dependence, the density dependence, and the effects of
parameters that control the waveguide fabrication for the multi-line soft x-
ray lasers are presented and discussed.

In chapter 4, demonstration of a strongly saturated waveguide-based soft
x-ray laser seeded by high harmonic generation (HHG) for Ni-like krypton
at 32.8 nm is reported. With seeding the divergence of the soft x-ray laser
is greatly reduced from 4.5 mrad to 1.1 mrad, and the spatial coherence is

16
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enhanced by at least a factor of 4. The polarization measurement shows that
the seeded soft x-ray laser can have the same polarization state with HHG
seed. The optimization and characterization of the seeded soft x-ray laser
are also described in details. Comparisons of our seeded waveguide-based
soft x-ray laser with synchrotron radiation and other seeded soft x-ray lasers
in the world are given in the summary.

Finally, chapter 5 summarizes the results presented in the previous chap-
ters and gives an outlook to the future. Especially the prospect of the gener-
ation of a sub-10-nm soft x-ray laser with a plasma waveguide is discussed.

/(2007)%and Phys.' Rev. 53817 (2007). The

t . —ray.il set in a’;
) 62 (2009).
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Chapter 2

Optical-Field-Ionization Soft X-Ray Lasers
with an Optlcally Preformed Plasma

5L Wa‘ﬁe g"h_lde;

i‘ ."L b

- )

Since the "ﬁist 'Sp'ft : er was 0nst] a‘l' 85" LT6 rT'Y |, signifi-
cant progress has bee - in pushing x-ray rard hlgher 1nten81ty,
shorter pulse duration, ig ler coherence, and,in ar't.leu'l-ar -.,ﬁcompact size
with high repeﬁ;t‘ldi ra,ts ~In the day e. develo ment of soft x-
ray lasers relied ¢ on. hug'e_jﬂ.éer e 1ve?%ahlg energy density for
excitation. The vefy -hlg'h coét 1arge sme‘f.:g,_ai’rd low-repetition rate limited
the development an(f agphcatlon of such x- ray laslers However, with the
advent of table-top high-p eljasg.r s;_rste s and the subsequent optical-
field-ionization (OFI) method, this situation has changed. OFT collisional-
excitation x-ray lasers driven by a femtosecond high-repetition-rate laser are
dramatically reduced in cost and size, and can be operated at 10 Hz, pro-
viding a very promising scheme for practical applications. The collisionally
excited OFI soft-x-ray laser was first proposed by Corkum and Burnett in
1988 [29] and was demonstrated in a gas cell by Lemoff et al. [39, 40]. Later,
in view of the versatility of gas jets, our group demonstrated nearly saturated
x-ray lasing in xenon and krypton clustered gas jets [41, 42].

In OFT x-ray lasers, longitudinal pumping is the preferred method to meet
the requirements of high-intensity pumping and traveling-wave pumping. A
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serious problem for longitudinally pumped OFI x-ray lasers is the limited
gain length caused by ionization-induced refraction [43, 41]. If a waveguide
is used to maintain the high-intensity pump pulse over a long distance, the
length of the gain region for x-ray lasing can be increased, and the length
of the under-ionized absorptive region can be reduced. Butler et al. first
reported the enhancement of OFI Pd-like xenon x-ray lasing at 41.8 nm in a
preformed plasma waveguide produced by discharge of a capillary tube filled
with an Xe/Hj gas mixture [44, 45]. The lasing intensity with the waveguide
was approximately 4 times larger than that from a gas cell. Later, Mocek et
al. used a 15-mm-long, multi-mode, gas-filled capillary tube [46, 47, 48] to
enhance the output of Xe®* lasing at 41.8 nm by.an order of magnitude with
respect to that from a gas cell of,the sameength. The waveguide effect of
these methods was not large enough to o&qmome the 'small gain coefficient,
so they cannot be applied to ‘other-high-threshold*low-gain lasing species,
such as Ne-like Ar and|Ni-like Kr x-ray lasers.:sBesides, the capillary tubes
have its intrinsic limitations on the long-term high-repetition-rate operation:
damage to the pii/hole at the entrance and a limited lifétime Therefore,
it is highly desirable'to find/ other ,guldmg methods to'support damage-free
long-term high-repetition-rate @‘perﬂon )
| == ||

-
| |

Of all the guiding methods eportéll,an opﬂlcally—preformed plasma waveg-
uide in a gasjet'[49, 50, 51] i i§ the most favorab!'lefbecause it allows. (1 ) guiding
of the pump pulse and-the lasing x-ray pulse Slmultaneously, (2) characteriza-
tion of the underlying process through various diagnostics'such as interferom-
etry, and (3) damage-free Jong-term high-repetition:rate operation for prac-
tical applications. Finding methods to apply-an optically preformed plasma
waveguide to x-ray lasers has been an ongoing.effort since 1995 [52], but
enhancement of x-ray lasing by an optically preformed plasma has not been
reported until our group recently demonstrated dramatic enhancement of
the OFT x-ray lasers with an optically preformed plasma waveguide [53, 54].
In this chapter, the basic principles of the OFI collisionally excited x-ray
laser are described in Sec. 2.2. In Sec. 2.3, the basic concepts of the plasma
waveguide are presented. The axicon ignitor-heater scheme for producing
plasma waveguide is described. The experimental setup for producing OFI
soft x-ray lasers in an optically preformed plasma waveguide and the primary
diagnostics are presented in Sec. 2.4. Measurements of waveguide formation,
x-ray lasing divergence, and x-ray lasing spectra are described in Sec. 2.5.
In Sec. 2.6, measurements of spatial coherence on Ni-like 32.8-nm Kr lasing
with a plasma waveguide are reported.
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COLLISIONAL-EXCITATION SOFT X-RAY LASER

bound state

Figure 2.1: Optical-field ionizati(_)_?. (?) multiphoton ionization, (b) tun-
nelling ionization, and ((i) over-bar ﬁtl@ﬁ
|| o | . .:i' -’ *:‘ '-'.L' .
2.2 Principle of an OptIéal F‘rad—lomzatlon Collisional-
EXCIt&thH-’SO‘ft =Ray L
A '

N
2.2.1 ?tlgﬁ,g-.

1. Such ionization
asic pmcéss of the
d ﬂ;ﬂ'ﬁ tl’mee regimes
7 depléts Qae concepts
temsity is Increased, a
ing several ﬁ'hotons simul-
taneously and @vercoml_ng §];1 0, becoméaa free electron.
This process is cal-iEd mfﬂ'tl phz}tpn 10n1za§r_19m f he Iaﬁer intensity is fur-
ther increased, the 1on‘[zat10n précess can bé treated semiclassically, such that
the potential well of the atinl tilted or su resFGd Iby the laser field. There-
fore, a bound electron has a ¢ nee to jt‘urr;‘l'flel through the reduced energy
barrier and become released. This is called “tunnelling ionization”. When
the laser intensity is increased so high that the energy barrier is tilted and
becomes lower than the bound state, the electron leaves the atom directly.
This final process is known as “over-barrier ionization”.

ton energi;'f is muc
is generally known
interaction between
- —|I"
according to the stre
associated Wltrh eac-h—r
bound electron. has]"a

Keldysh defined a parameter to determine where each type would domi-
nate, known as the Keldysh parameter [55],

_ [ 2.1
v 20 (2.1)

where U, is the ponderomotive potential of the laser, and Uj is the ionization
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potential of the atom or ion. The ponderomotive potential is the average
kinetic energy of an electron in the laser field, given by

e2

Up = 17— ol (2.2)

where e is the charge of the electron, m, is the mass of the electron, w is
the laser frequency, and Ej is the electric field of the laser. In the regime of
~v > 1, the ionization can be described as a multiphoton process. For v < 1,
it is in the tunnelling/over-barrier r , and the ionization process can be

described by using a Sem}c]:«is_&lrfal- : 'd.- ['5-@ ‘_,?Z o

Al B L l%’ ik LS
When v < 1, R?;B".romzatlo?l Tafe can_%ﬁ:alculatég from DC tunnelling
(0]

theory [58]. T he; %1_6_1-1_ rate n-like 19‘1‘3‘.111 a static electric field
E, is well kno!_r b

.l_q_—ﬁ— -,-'-;’ze (2.3)

where Uy and Uia ionizati s of hydrogen and fﬁb atom or
ion in question, w, ] _ JE, is the aﬂ,prmc field
strength at | i ‘
g "':' = J-::' -Ju'-.- r:h’
2y S
2,
" ;._'n -"\'

. = « % 4
For non-hydrogen- hke aﬁgmy 1;@ gipcjﬁéﬂ:lomzatlon rate is modified
o [59, 60]
3/2 2n* —|m|—1
w. o~ Waln Ui 20+ 1)(1 + |m|)! o (Ui E,
T My Al (m) A —m|)! | \Uy) E,

-2 (U N\ E,

X e — — 2.4
xplg(UH) =l (2.4
where (), is a constant that is approximately 2; n* is the effective principal
quantum number (n* = Z/(U;/Ux)"/?); L is the angular momentum quantum

number; m is the magnetic quantum number, and Z is the charge state of the
resulting ion. The response time of a bound electron is much shorter than the

22
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period for which the electromagnetic field is applied, so the ionization rate
in such an AC field is obtained by replacing the static field E; in Eq. (2.4)
with a time-dependent field E(t),

Wae(t) = Wa([E(2)]) - (2.5)
The density of ions in ionization stage ¢ is determined by the rate equations
ON;
N = —NW,_it1 + NiaWi_1;. (2.6)
The electron density variation i$ given by
8N ¥ i
Z Noitors: : (2.7)

Given the lager parameters, the initial atom densit&& and the ionization po-
tential in each ionization stage, the evolution of the ion pepulations and the
electron denmsity-cdn be calculited by usifg Eq.(2.5)%(2: 7)..) Figures 2.2(a)
and (b) plot the evolution of tlgle_ relatlvq p@puﬂatlon offargon ion species in
response to linear-polarized a d cnﬁar‘ pol rized laser pulses, respectively.
The laser pulses have a laser wave g nm, pulse duration of 60 fs
(FWHM), and peak mtens,lti X 1016W Jem? .| The gay areas in the figures
show the respective pulse wave form; ln the case of linear{polarization, the
laser pulse ean ionize'the At igns te 'afh'lgher omization stage (Ar®"); this is
due to the larger peak electric strength for the linear-polarized laser. Further-
more, the evolutiow!eurves.are not smeoth an ve step-like shapes. This is
because the eleetric field oseillatessinusoidally-and:the ionization only occurs
near the peak values. Comsequently the period between the two successive
steps is roughly equal to.the half cycle of the laser field. In contrast, with
circular polarization, the evolution curves are contintous and much smoother
because the electric field strength increases continuously with time.

2.2.2 Above-threshold-ionization heating

In the tunnelling limit (v < 1), the ionization process can be described
semiclassically by a two-step process [56, 57]. First, the electron is removed
from the atom, absorbs an amount of energy equal to the ionization potential,
and becomes a free electron at rest. Next, the electron is accelerated by the
laser field and obtains some residual energy after the laser pulse has passed by.
This heating mechanism is known as the “above-threshold-ionization” (ATT)
heating.
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Figure 2.2: Calculated evolution of the relative population of argon ion
species ionized by a linear-polarized pulse (a) and a circular-polarized pulse
(b). The laser pulses have a wavelength of 810 nm , duration of 60 fs
(FWHM), and peak intensity of 3 x 106 W /cm?.
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The residual kinetic energy of the released electron in an applied elec-
tromagnetic field can be calculated in a classical way. Consider an electron
released at time ¢, from rest into an intense laser field E(t) = Ej sin(wt)é, +
aFEycos(wt)é,, where a < 1 allows for any polarization. The velocity of the
electron in the laser field is given by

ek

v, (t) = mf} [cos(wt) — cos(wtp)]

0 [sm(wt) — sin(wip)] .
,.fﬂl et

klngi;clc energﬂeq a,]:s-“."_ b

vy(t) =

Therefore, the cycle- %veﬂagell

J"b.
In the caﬁk oﬁ-fi}llsa

The cycle aVEIa'Eiaer' N,
£ .:!LE
C @9
A o 2.9
bl |
i "1. )

The first teﬂh on th

e2E2/4m,w __wh
The second tefm._ :
of the electron aﬁ'ﬁr thé (_)f)'bﬁca sed*%;‘
depends on the relatwe fhasé bétween the onization
For example, 1omzat101’1 gc s mostly “when Ej_si dl | is maximum, which
is when wty = /2, thus the e jb:tr s (Lrbs1 ual energy. In contrast,
hot electrons are created only at fhe mlmmum field wty = 0, in which the
ionization rate is low. As a result of this feature, the energy spectrum of
electrons produced from optical-field ionization in a linear-polarized field is
concentrated at low energy. In general, an electron ionized at some arbitrary
phase mismatch A¢ carries a residual kinetic energy,

qu1ver "hnergy € =
se passes by.
residual energy
Ill'the ATT energy
and the laser field.

Kary = 2¢,c08*(Ag). (2.10)

Figure 2.3(a) plots the evolution of the relative population of xenon atoms

Natom (1) = €xp {— /_ ; Wac(t') dt'}
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so the residual ATI energy is

e*F2
2mew?

KATI =€ = (211)

This is because the field strength of a circular-polarized laser pulse never
becomes zero, and only the orientation changes. Hence, at a given intensity,
a circularly polarized field can produce more hot electrons than a linearly
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2.2.3 Optical-Field-Ionization Collisional-Excitation Soft
X-Ray Laser

Electron collisional excitation is a common mechanism for pumping a wide
variety of x-ray lasers. In this scheme, sufficient energetic electrons are re-
quired to excite highly ionized ions from the ground state to the upper state.
As stated in the last section, OFI and ATI heating can provide control of
plasma ionization and plasma heating with an appropriate choice of laser
intensity and polarization. Using an intense circularly polarized laser pulse
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pulse (solid

Pd-like
A

lower state
| 4d°5p
collisional
excitation dfaSt
eca
E> 106 eV v

L

ground state 4d"

linear
circular

~ upper state
2p°3p
W 46.9-nm
lasing
lower state
2p°3s
collisional fast collisional .
excitation decay excitation decay
E> 145 eV E> 280 eV
|| I
ground state 3d" ground state 2p°

Figure 2.6: Energy-level diagrams of (a) Pd-like Xe ion, (b) Ni-like Kr ion,

and (c) Ne-like Ar ion.
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to pump the electron-excited x-ray lasers has been suggested by Burnett
and Corkum in 1988 [29]. In this method, the intense circularly polarized
laser pulse is used to create the highly ionized species via optical-field ion-
ization. Then the released electrons will retain a kinetic energy equal to
the quiver energy of the laser at the time of ionization after the pulse has
passed. The resulting hot electrons are suitable for pumping the upper level
of laser transition by collisional excitation. Based on this concept, Lemoff
further proposed three specific systems of OFT collisionally excited soft-x-ray
lasers in 1994 [39]: 41.8-nm Pd-like Xe lasing, 32.8-nm Ni-like Kr lasing, and
46.9-nm Ne-like Ar lasing.

Figure 2.6 shows energy-level ajagramé. for Pd-like xenon (Xe®"), Ni-like
Kr (Kr®"), and Ne-like Ar (Ar®") Xzray-lasers: The reguired ionization stage,
the excitation energy,"threc major energy levelsy and-thie main lasing line are
all included in the figures#To achieve the efficient x=xay lasing, an appropriate
laser intensity and plasma temperature that fulfill*the lasing requirements
should be chosen for the threre;fsy:s’trems. 'IilheSé'u arameters‘canh be calculated
according to the theories described in Se€s: 2.2.1 and, 2.2.2. Figure 2.7

7. e

(a) shows the evolution of the iongsp Cies;cﬁea"ted by a 60-fs laser pulse of
3.3 x 10T W /cm? intensity. | I cab%é‘eft at the Ke?T ions are produced
when the intensity is abeye 2 x 10'" Wi/cm?. [Thus ghe laser intensity should
be controlled below this value to prevefitifrom the overionization. Moreover, a
threshold-like béhavior app‘%r in theaser intensity; the thrésheld intensity
for ionization of the1iinth electron is higher by a fagtor of‘pine than that for
the eighth. Accordingly, Withra propétschoica of the lasef intensity, the ion
stages will not be belowy [op above the specific stagélﬂ(rS*) due to the spatial
distribution of the laser intensity,over a sizable beam size, and an almost
uniform plasma volume of Ni-like krypfon is-anticipated. Figure 2.7(b) shows
the corresponding electron energy spectrunm under the same laser conditions
as in Fig. 2.7(a). The electrons, ranging from the third to the eighth, all have
sufficient kinetic energy (> 145eV’) to collisionally excite the ions from the
ground state to the upper level. The same calculations are further applied
for xenon and argon atoms. Here the intensities are precisely controlled so
the pump pulse does not ionize the Xe®* and Ar®* ions to the next stage.
The calculated results are shown in Figure 2.8 and Figure 2.9, respectively.
The parameters are described in the figure captions.

In brief, the threshold nature of OFI makes it an attractive mechanism
for creating plasmas suitable for gain media in soft-x-ray lasers, since the
ion stage generated may be controlled by adjusting the laser intensity. The
energy of the electrons after the passage of the laser pulse can be controlled
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through the laser polarization: circular polarization produces hot electrons
which can produce population inversions by electron collisions. Further, the
gas-type gain media can allow for longitudinal pumping, which is a very
efficient pumping configuration and can satisfy the requirements of high-
intensity pumping and traveling-wave pumping. Hence, the development of
soft-x-ray lasers in this work are all based on this lasing mechanism.

2.3 Optically Preformed Plasma Waveguide

&

2.3.1 Introduetion ¥ P

The interaction of ultrashortshigh-intensity laser pu_lsés with gases and plas-
mas has a wide range of applications, such as'the lascr- driven electron accel-
eration [61], soft X-ray/lasers [52] and high harmonig gefieration [62]. Such
intensity can be“achieved in & tlghtly focu.sed beam with current high-power
lasers, but the interaction lengt-h at hl%h mtensaty is limited by the beam
diffraction.. For example, the 1ntew.ron le gtih represents the ‘gain length
in the soft x-ray laser. Hence hlghgﬁa_yﬂlbu put requires propagation over
a long gain region. When al focused raussian ¢ulse propagates along the z
axis, the intensity-distribution can belwrittenl aF \

-.r_'

I(r)2)= mji) ex [iw 2l ] —.-Wfﬁf)}% exp [w(ZZSZ] (2.12)

ca 2
1+ (54

where A\, P, E, 7, w are the laser wavelength, power, energy, duration, and
beam radius, respectively. wq is the beam waist, defined as the laser spot
size at the focus(here, at z = 0). Zp is called the Rayleigh range, and 27y is
the confocal parameter, which is often referred to as the interaction length.
A schematic illustration is shown in Figure 2.10. The peak intensity reaches
the maximum at the focus and can be written as

2F
Iy = . 2.1
0 Trw? (2.15)

[

N

(2.13)

w:té) = wo

From Eq.2.14 and 2.15, we can see that a more intense laser beam requires
a tighter focus and thus has a shorter interaction length. For example, when
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Figure 2.7: (a) Calculated evolution of the relative population of krypton

ions by a circular-polarized laser pulse with a duration of 60 fs (FWHM),

wavelength of 810 nm, and peak intensity of 3.3 x 10" W/cm?. (b) Energy
spectrum of the ionized electrons.
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Figure 2.8: (a) Calculated evolution of the relative population of xenon ions
by a circular-polarized laser pulse with a duration of 60 fs (FWHM), wave-
length of 810 nm, and peak intensity of 8§ x 10'®* W/cm?. (b) Energy spectrum
of the ionized electrons.
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Figure 2.9: (a) Calculated evolution of the relative population of argon ions
by a circular-polarized laser pulse with a duration of 45-fs (FWHM), wave-
length of 810 nm, and a peak intensity of 3 x 10" W/cm?. (b) Energy
spectrum of the ionized electrons.
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1(r)

a 250- th&S fs 81

the peak -mtensmy ] range is
only 0.4 mrﬁ Tﬂ'_re teiﬁm;ion _,Ilength and
the max1m1m+ peak int ses _propa.‘g‘ate with an

intensity Whlea—ls fa “&bo ¢ )1d of a‘c@;ﬂs "Ehls will make
the laser beam,ifr k up"d.u 1 ’ 6[4‘]. 01'": siﬁer from severe
ionization- mducé@ﬂefraq E.l,c own. in Figure . Both effects will
drastically reduce ﬂaf.:mteracthgf}eng;h I‘h"’fr—efore,l J,f!it-s hlghly desirable to
find a way to guide a Ihi@h:f_ytensmy laser for aire ively long distance, as
shown in Figure 2.12. “' """jlf_-l

2.3.2 Guiding Condition of a Plasma Waveguide

For a focused laser beam to be guided at constant size in a waveguide, the
diffractive effect of the laser beam should be compensated for the focusing
effect of the waveguide. The diffractive defocusing contribution is Rp =
6z(1 + Z%/02*) ~ Z%/6z, where Zp is the Rayleigh range. On the other
hand, the focusing contribution can be written as Rr &~ w?/(2Andz). When
Rr = Rp, a focused Gaussian beam will maintain a flat phase front. The

34



2.3. OrTICALLY PREFORMED PLASMA WAVEGUIDE

.,

Figure 2.1
sents the d

<+— few tens to hundreds of Z; —»

Figure 2.12: A Gaussian beam is guided in a plasma waveguide.
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guiding condition can be written as
)\2

JAN { A — 2.16
" 2m2w? (2.16)

In an underdense plasma, the refractive index is

(2.17)

where N, !i;‘:m r-./4 ; ,!,. %i-'—l 74 x 10%!
em ™3 for 810 : uengy, electron
density, %' i Eq. 2.16 and Eq. 2.17, the
minimum::!(él!ectgon ' i be@m‘c‘:}" spot size
wy is determined b ‘ i

o) I

where 7 —-Z/mecx,j: 82 0 13 cm is th | electron radius. For
_3 v,

wo—lO/ﬁmﬁNﬂ%‘fyl 180 ; ‘ & A8
Note that the_}qumr@.-’deug}ty ifference; is i‘%@p ent of the guided

laser wavelength. Thas is due—tug.'ﬁ'he d,ecre.ffﬁfng plasm@; ‘contribution to the
refractive index with laseisrﬁr?uency, which i b andt]ea by reduced diffraction

b B (218)
-"'l%:

)

at higher frequency for a giv 61.1!’ ﬁ'.d} “Since the guiding criterion does
not depend on wavelength from infrared to soft x-ray, a plasma waveguide
produced for guiding the pump laser pulse can also guide x-ray lasing.

2.3.3 Formation of a Plasma Waveguide

The plasma waveguide is formed through the hydrodynamic evolution of a
laser-produced plasma in a gas. Initially the focused laser pulse (line focus)
ionizes the neutral gas by optical-field ionization to provide seed electrons.
The intensities used here are sufficient for multiphoton ionization of all or a
substantial fraction of the atoms in the gases. If the pulse duration is longer
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than the average electron-ion collision time, the seed electrons can be effi-
ciently heated by laser pulse via inverse bremsstrahlung (IB) heating [65]. In
addition, the long heating pulse should have a relatively low intensity, since
the collisional frequency is reduced for large quiver velocities [66]. Then the
heated energetic electrons collisionally ionize the ions or atoms and thus in-
crease the electron density. After that there are more electrons to be involved
in the electron-ion collisions, which enhances the IB heating. Such a positive
feedback process is called a seeded avalanche breakdown [49]. The resultant
dense hot line-shaped plasma begins to expand outwards. At that moment,
the heated electrons pull the cooler ions radially outward, and the plasma
expands at the local ionispeed c,, = \/< Z > kpT,/m;. The plasmas in the
expanding front collide with surroLunding ions and atoms in the relative cold
weakly ionized gas. These collisionsJead. to & density, buildup at the bound-
ary between the two‘r¢gionsyforming a shocksfront: “After a period(a few
nanoseconds); the on-axi§ plasma electron densityuis greatly reduced, while
the plasma electron density at the encircling outer region’fouilds up as a re-
sult of collisionalliohization by thé, outgoing electrons and ions. Therefore, a
cylindrically symmetric plasma,iwg‘gll;!g,n bn axis electron density lower than
that at the radially outer reg}on 1 Oduce FH the difference in electron
density between the on-axis and= i radius positions is larger than
that stated in Eq. 2,18sa plasma wa gulde ca[bable of guldmg a laser pulse
is produced. Y[: i
|

| f
2.3.4 The AXicop ;Igﬁitor-Heatell Scheme

For a plasma waveguide, the plasma forming pulse must satisfy two condi-
tions: (1) be sufficiently intense to create free electrons through multiphoton
ionization and (2) be long and energetic but relatively low intensity to effi-
ciently heat the plasma through IB heating. It is difficult to meet these two
conditions by using a single laser pulse for ionization and heating. Therefore,
a more efficient method, the axicon ignitor-heater scheme, is implemented in
producing a plasma waveguide [51]. In this scheme, a short, low-energy, high-
intensity ignitor pulse preionizes the gas through multiphoton ionization to
produce a small concentration of seed electrons. A long, high-energy, low-
intensity heater pulse arrives later to heat the preformed plasma efficiently
by IB absorption and thereby drives the formation of the plasma waveguide.
For comparison, here the total energy of the ignitor and heater is set to be
constant. When only a short laser pulse is used, even though it has sufficient
energy to ionize the gas, the pulse duration is too short to heat the plasma
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using the axicon @mtor -}_ggalter sche —

Uin, Al gidl,
In this scheme, Eﬁe-jl mtorband heater-are fc gg:éﬁ‘ by an axicon to a
line focus on the gases. ‘E-ﬁ? H_:.ﬂ ﬁb ished glass that axially
symmetrically converts light rayS%? Zl;hgzmous range of points extended
along the axis [67]. Figure 2.14 illustrates a laser beam focused by an axicon.
For an input ray normal to the plane side of the axicon with a base angle a,
the ray is focused on the optical axis(here, the z axis) with an angle .  can
be calculated from Snell’s law nsina = sin(a + 7). The rays at the input
position p are related to a distance z along the axis by the relation

1
tan vy

a 10{1 of‘a E,l@ma waveguide
5 ll r |

z(p):p[ —tana] , (2.19)

where z = 0 is at the axicon tip. In Fig. 2.14, a hole 5 mm in diameter
at the center of the axicon allows the passage of the pump pulse of the soft
x-ray laser. Figures 2.16 (b) and (c) show the transverse beam profiles of the
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—

(2.20)

For example, by using an axicon with 30° base angle and a refractive index
of 1.45, a 55-mJ, 60-fs Gaussian beam with a 40-mm clear aperture can
be focused to a line focus of >2 cm in length with an intensity above 2 X
10" W/cm?, which is shown in Fig. 2.15.

However, in our experiment, the slit nozzle used to produce the gas jet is
only 1-cm long. This means the half the length of the 2-cm-long line focus is
useless. To overcome this problem, a convex lens with a 40-cm focal length
and a hole 2 cm in diameter at the center is used in the experiment. This
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Figure 2.16x (a)Modified axicon-ignitor-heater scheme, Svhere a convex lens
of 40-cm foeal Iength with d holeYat thejcentér 2 cm in ‘didmeter is put in
front of the axicon jat a distan€e of20 €1.% (b) and () are images of the
beam profile of component (1) for#he ignitor and heatér, respectively. (d)
shows the.image of two companent8iorthe ignitor and heater pulses in the
modified axicon 1gn1tor—heahrer; schemqi |

I
|

1

convex lens is located in‘front of the axicon, as shown in Fig. 2.16(a). The in-
put laser beam can be.divided infe, two partsgeomponent (1) and component
(2), by this convex lens. Component (1), with a 2-em ¢lear aperture, passes
through the center hole of the lens and is focused to a 1-cm-long line focus
by the axicon. Figure 2.16(b) and (¢) show the transverse beam profiles of
component (1) for the ignitor and heater, respectively. Component (2) is a
donut-shaped circle with a 2-cm inner diameter and 4-cm outer diameter and
is focused by the convex lens before the axicon. Next, it is further focused
by the axicon to another 1-cm-long line focus. At this time, the line focus
moves closer to the axicon because of the prior focusing by the convex lens.
By adjusting the position of the convex lens, we can concentrate the laser
energy in a length (~1-cm) matching that of the gas jet to increase the uni-
formity of the longitudinal intensity distribution. Figure 2.16(d) shows the
transverse beam profiles of the focused ignitor and heater when a convex lens
is put in front of the axicon, and Figure 2.17 show the modified longitudinal
intensity distribution of the line foci for the ignitor and heater.
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i nl_tgil;"'heatér scheme.

e tﬁrou,g_h optical-
is focused with an
stélréd gas jet. The
Cin fall width at half

maximum (FWHM) wi
motorized qua,rter— ave plat
laser pulses, ref'}'rpd tq _;5_' “the e hé:é.ge_,n, are- “used to produce
a plasma waveguide. . Thé 1gmt@'r is 45 I'Q_,l:'ln ener 5 fs in duration,
and p-polarized (horlzongally poiarlzed) and-{fhe he t(iz, is 300 mJ in energy,
160 ps in duration, and s- poﬁmy@ _(g/e;jsj(_:@.ij pbla,rlzed) The ignitor-heater
separation is fixed at 200 ps. After being combined by a thin-film polarizer,
these two pulses, with 4-cm diameter in clear aperture propagate collinearly
and are then focused by an axicon of 30° base angle to a line focus of >2-cm
length in FWHM. The transverse profiles of the ignitor and the heater are
both a Bessel distribution with an intensity FWHM of 1.1 ym. A hole of
5-mm diameter at the center of the axicon allows passage of the pump pulse.
To increase the efficiency of waveguide fabrication a convex lens of 40-cm
focal length with a hole of 2-cm diameter at the center is put in front of the
axicon to concentrate the laser energy in a length (~1-cm) matching with
that of the gas jet and to increase the uniformity of the longitudinal intensity
distribution. The line focus overlaps with the propagation path of the pump
pulse in the gas jet. A photo of the experimental setup is shown in Fig. 2.22.

ﬂsman'?ﬁt profile. A
pump-polarization. Two
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The clustered gas jet used for this experiment is produced from a pulsed
valve with a 1-cm-long slit nozzle. In early experiments, it was difficult to
find a good guiding condition for the pump pulse and the guiding efficiency
was relatively low and unstable [70, 71]. This can be ascribed to the slowly
varing density distribution at the edges of the gas-jet profile. The dashed
line in Figure 2.19(c) shows the density distribution of the 2.5-mm region
at one side of the original 5-mm slit nozzle. The atom density is retrieved
from the interferogram in Fig. 2.19(a). A 750 pm-long slowly rising region
appears at the boundary. Because the low-density region provides much
fewer seed electrons to drive the formation of the plasma waveguide, it cannot
make a suitable densitybarrier for supporting the guiding of the pump pulse.
To overcome this problem, a 50 um-thick metal sheet is attached to the
nozzle edge to block thedow-dénsity.area. The modified gas profile is shown
in Fig. 2.19(c) (solid" linc)..Here the atom density is retrieved from the
interferogramin Fig. 2.19(b). The ascending region is greatly reduced to
250 pm after theZmodification. By applying this modification to the 1-cm
slit nozzle used in' this experifneh’sp we call get a gas-jet profile with a flat-
top region of 8-mm length and,.ia:.,sflg}) }ﬁou’ndz‘ary of 500-um length at both
edges along the long axis. T;he S-jet j;tj).I' IF is meagured by transverse
Mach-Zehnder interferometry, | andgt! mej is shown in Fig. 2.20. With
this treatment, the density barrier of ghe plasmﬁit waweguide at the boundary
is enhanced, previding a mare stable :Aigiing condition for tlie pump pulse.

acs || ‘

Four main opticgl_cdiagnls‘dric tools are use iil this expériment. The first,
Mach-Zehnder intéi“fe'rometly,t with_a probe pulsé that passes transversely
through the cluster, jet;is"used to measure the dénsity distribution of elec-
trons. The probe pulse of 15thim diameterds split from the second stage
amplifier of the 10-TW: laser system aiid then'compressed to a 45-fs duration
by an independent compressor. ‘It is imaged onto a 14-bit charge-coupled
device (CCD) camera by a lens with a focal length of 500 mm. With an ob-
jective length of 740 mm and an image length of 3170 mm, the magnification
of the interferogram imaging system was 4.3x. The second tool is a relayed
imaging system for measuring the beam profile of pump pulses at the exit of
the gas jet. It consists of a movable wedge, a pair of lens, an objective lens,
and a 14-bit CCD camera. The third is an online imaging system for doing
spatial overlap between the pump beam and waveguide-forming pulses in air
and vacuum. It consists of an objective lens, a movable aluminum mirror, and
a 14-bit CCD camera. The last is a home-made flat-field grazing-incidence
x-ray spectrometer for measuring the spectrum and angular distribution of
x-ray lasing in the direction of pump-laser propagation. In contrast to tra-
ditional x-ray spectrometers, which have only a concave grating and lead to
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Figure 2.18: Experlmental layo‘ﬁt— for }Ji‘a}) lasmg in a plasma waveguide.
OAP: off-axis parabolic mirror, QWP: quarter-wave plate, TFP: thin-film
polarizer, W: wedge, OB: objective, CCD: charge-coupled device. Four di-
agnostic tools were used: (a) interferogram, (b) relayed imaging system, (c)
on-line imaging system, and (d) flat-field spectrometer.
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Figure 2.20: Gas profile of the hydrogen jet from the modified 1-cm slit
nozzle. A photo of the 1-cm-long slit nozzle is shown in the inset.
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with varied groove spacing. o-grQ ce {'._“1 ge plane [72, 73]. A flat
image plane is desirable for the use’ ‘of an x—ray CCD camera, microchannel
plate, or streak camera to achieve online, real-time, and fully computerized
data acquisition. The FFS used here consists of a 1200-line/mm aperiodically
ruled cylindrical grating (001-0437, Hitachi) and a back-illuminated 16-bit
x-ray CCD camera (DX420-BN, Andor Technology), as shown in Fig. 2.21.
The spectral range of this FFS is 5 - 60 nm and the resolution is 0.05 nm.
Two 0.25-pum-thick aluminum filters are used to block the transmitted pump
laser pulse and attenuate x-ray emission. A dipole magnet with a magnetic
field of 1.8 kG, is employed to deflect the electrons emitted from the inter-
action region to prevent false signals in the soft x-ray CCD camera. From
the known grating reflectivity, filter transmittance, and CCD response, the
approximate absolute number of x-ray photons is determined.
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Figure 2.22: Photo of the experimental setup.
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LASERS By AN OPTICALLY PREFORMED PrasmMa WAVEGUIDE

2.5 Enhancement of Optical-Field-Ionization Soft X-
Ray Lasers By an Optically Preformed Plasma Waveg-
uide

Without a plasma waveguide, the maximum x-ray lasing of Ni-like krypton
at 32.8 nm is observed at an atom density of 8.0 x 10'7 cm™ and a pump
focal position of 2.75 mm behind the entrance of the gas jet. The pump pulse
has an energy of 235 mJ, a duration of 45 fs, and is circularly polarized. The
condition for maximum outputris known te be determined by the optimal
balance between pump-beam conyvergence and‘ionization-induced refraction
that produces the longest gain région and the shortest x-ray reabsorption
region [42, 74]. Figure 2.23(a) shows-an iriterferogram taken at 10 ps after
the pump pulse has passed through the gas jét: T:h[euamount of fringe shift
decreases along with thedaser propagation and almost vanishes in the final
2-mm region, indicating that the pump intensity atithe end of the gas jet
is too low to ionize the gas! ThlS means that the effective gain region is
limited by beam diffraction and-llonlzatl(bn mdiced refraction, even though
the laser parameters have been opﬁ—;md #T}ﬁ number of photens at the
32.8-nm lasing line is 2 x 10® M‘ x*ray beam divergence is 15 mrad
in FWHM. The x-ray spectru angulhr distribution are shown in
Fig. 2.24(a) and(b), respectively. Fd];i{e 2.23(b) shows aiifiterferogram of
the plasma takén at the samd condition as in Flg. 2.23(a) except that the
krypton atom densityiis Tais d+t0 1.6x10% Cm“3rland thé pump focal position
is moved to 500 w1 -behind-the entrance of the gas jet, cotresponding to the
beginning of the flat-tep: region of the gas profile: Although the increase
in ion density should leadto a'larger lasing:gain, 'severe ionization-induced
refraction drastically reduces thé. length of the gain region, as indicated by
the much shorter length of the fringe-shifted region compared to (a), and
thus no x-ray lasing is observed at this condition. The images in Fig. 2.23(c)
and (d) show the beam profiles of the pump pulse at the entrance and exit
of the gas jet, respectively. The divergent profile in Fig. 2.23(d) reveals the
much lower intensity of the pump pulse at the exit, which is consistent with
the results in the interferogram.

To overcome the adverse effect of ionization-induced refraction on a lon-
gitudinally pumped x-ray laser, a plasma waveguide based on the axicon
ignitor-heater scheme (described in Sec. 2.3.4) is implemented in the experi-
ment. The interferograms in Fig. 2.25(a) and (b) show the plasma channels
at a krypton atom density of 1.6 x 10* em ™ for only a 45-mJ ignitor and only
a 225-mJ heater. They are taken after 2.71 ns and after 2.51 ns, respectively.

47



CHAPTER 2. OPTICAL-FIELD-IONIZATION SOFT X-RAY LASERS WITH
AN OPTICALLY PREFORMED PrasmMaA WAVEGUIDE

Figure 2.25(c) shows the plasma waveguide at 2.5 ns after the heater with a
45-mJ ignitor, 225-mJ heater, 200-ps pulse separation, and 1.6 x 10'%-cm~3
krypton atom density. A uniform pure krypton plasma waveguide of 9-mm
long is produced. The interferogram in Figure 2.25(d) shows the plasma
waveguide taken at 10 ps after the pump pulse has passed through the gas
jet under the same conditions in Fig. 2.25(c). The 235-mJ pump pulse is
circularly polarized with a focal position of 500 pm behind the entrance of
the gas jet and a delay of 2.5 ns after the heater. The images in Fig. 2.25(e)
and (f) show the beam profiles of the pump pulse at the entrance and exit
of the plasma waveguide, respectively, indicating that the pump pulse is well
guided over the entire léngth of the plasma waveguide with a guided beam
size of <15 pm in FWHM. LL: =

In the past; it was believed that it is difficult *to —é;uide an intense pump
pulse for producing an OFI x-ray laser in a plasma, waveguide of pure high-
atomic-number .gas. This 1s because the ionizationyof the, on-axis ions is
stronger than that/of/those in the outer reglon due to the transverse intensity
distribution of the guided laser pu],se which tends to lower the density barrier
and thus destroys the guldmg Conﬁm f44 4?5 However, our'experiment
shows that under suitable conditiens ansifitechse pump/pulse can even raise
the density barrier(the dlffelie ce bet en the pkeak electron density and the
on-axis density)-te-improve guiding mrle éad of «ﬂegradlng it., Figure 2.26 shows
the radial electron dens1ty}r files 'retrieved from Fig. 2.25(¢)rand (d). At
2.5 ns after the heatér, puls the plasma Wave ﬁlide evolvesinto one with an
on-axis electron densrcy of Jl 1 x 10%¥%em 3 and an electfon density barrier
of 1.3 x 10Y cm=3. Rightr affer the pump pulsehas passed through the
waveguide, both the on-axis eléétron density.and the density in the barrier
region increase, resulting in an-on-axis €lectron density of 1.3 x 10! cm 2 and
an increased electron density barrier of 2:0°% 10 cm=3. The action of the
pump pulse actually increases the density barrier of the plasma waveguide.
The increase results from the transverse intensity distribution of the guided
pump pulse. Although the average on-axis ionization stage is raised from 2.5
to 8 by the pump pulse, as inferred from Fig. 2.25(b), the average ionization
stage at the barrier position is also increased, for instance, from 1 to 1.9,
leading to a larger electron density barrier.

Figure 2.27(a) and (b) show the x-ray spectrum and the angular distribu-
tion, respectively, for a 32.8-nm Ni-like Kr laser by using a pure Kr plasma
waveguide. The pump energy is 235 mJ, the heater energy is 225 mJ, the
heater-pump delay is 2.5 ns, and the atom density is 1.6 x 10! cm™3. With
the plasma waveguide, the x-ray lasing photon number is dramatically en-
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Figure 2.24: (a) X-ray emission spectrum and (b) angular distribution in
the propagation direction of the pump pulse for only a 235-mJ circularly-
polarized pump pulse with a focal position at 2.75 mm behind the entrance
of the gas jet and a krypton atom density of 8.0 x 107 cm 2.
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Figure 2.26: Radial electron density profiles of the plasma waveguide re-
trieved from Fig. 2.25(c) and (d).
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Figure 2.27: (a) X-ray emission spectrum and (b) angular distribution in the
propagation direction of the pump pulse for a 235-mJ circularly-polarized
pump pulse guided in a pure krypton waveguide with an atom density of
1.6 x 10* em™3. The ignitor energy is 45 mJ, the heater energy is 225 mJ,
the ignitor-heater separation is 200 ps, and the heater-pump delay is 2.5 ns.
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Figure 2.28: (a) X-ray emission spectrum and (b) angular distribution in
the propagation direction of the pump puls for a 235-mJ circularly-polarized
pump pulse guided in a pure argon waveguide with an atom density of 2.7 x
10* ecm™3. The ignitor energy is 45 mJ, the heater energy is 325 mJ, the
ignitor-heater separation is 200 ps, and the heater-pump delay is 1.5 ns.
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Figure 2.29: Interferograms of the plasma taken at 10 ps after the 235-mJ
circularly-polarized pump pulsefhas pasged_g@hrlgugh the gas jet for a 45-mJ
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Taking advantage of the high a{dm density and large gain length pro-
vided by such a plasma waveguide, OFT collisional-excitation x-ray lasing for
the high-threshold low-gain transition at 46.9 nm in Ne-like argon was also
achieved. In this case, the pump energy is 235 mJ, the heater energy is 325
mJ, the heater-pump delay is 1.5 ns, and the atom density is 2.7 x 10* cm™3.
The output photon of the Ar laser was 3.4 x 10°, and the beam divergence
is 2.5 mrad at an atom density of 2.7 x 10! cm™3. The x-ray spectrum and
angular profile for the 46.9-nm Ar®* lasing are shown in Fig. 2.28(a) and
(b), respectively. In contrast, no x-ray lasing occurs without the Ar plasma
waveguide. Figure 2.29(a) shows an interferogram of the plasma waveguide
taken at 1.5 ns after the heater, without the pump pulse. A uniform pure
argon plasma waveguide of 9-mm length is produced. Figure 2.29(b) shows
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Figure 2.30: (a) X-ray emission spectrum and (b) angular distribution in the
propagation direction of the pump pulse for a 225-mJ circularly-polarized
pump pulse guided in a pure argon waveguide with an atom density of 1.4 x
10* ecm™3. The ignitor energy is 45 mJ, the heater energy is 180 mJ, the
ignitor-heater separation is 200 ps, and the heater-pump delays is 5.5 ns.
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the interferogram of this plasma waveguide taken at 10 ps after the pump
pulse has passed through the waveguide. The beam profile of the pump pulse
at the exit of the plasma waveguide is shown in Fig. 2.29(c), indicating that
the pump pulse is well guided over the entire length of the plasma waveguide
with a guided beam size of <15 pm in FWHM. For the Ar plasma waveguide
the transverse plasma electron density profile cannot be correctly retrieved
and thus is not shown because of the large error caused by the small channel
size. Similarly, a 41.8-nm Pd-like Xe x-ray laser was also demonstrated with
a pure Xe plasma waveguide. The x-ray spectrum and angular distribution
are shown in Fig. 2.30(a) and (b), respectively. . The pump energy is 225 mJ,
the heater energy is 180imJ, the heater pump delay is 5.5 ns, and the atom
density is 1.4 x 102'em 3. Utider these condltlons the number of photons
for the 41.8-nm X-ray-lasing is 2. 5 x-107 and the x-pay beam divergence is
4.5 mrad. )

For the three lasmg species, the small -dlvergence angles -of the main las-
ing lines ¢an be ascribed to the—h h gaﬁn Tength product and the guiding
effect on the x-ray beam provided- plasma waveguide. The strengths
of both effects differ for the three gﬁ?'sj;m to the different operating condi-
tions, resulting in different diveérgencesangles. Without the preformed plasma
waveguide (turning off the fignitor and'the Heater) the photon number of
32.8-nm Kr®* lasing 18 redLaLe by #400-folds and the 46.9-nm Ar®* lasing is
not observed. In contrast photon numb ﬁ)f 41 80113 Xe®T lasing with
the plasma Wavegmde is lovlzej than_that obtained usmg @ bare gas jet with
optimal pump focal position and gas-jet length [412 42]. This is because an
optically preformed plasma wavegliide of good-guiding efficiency is generally
limited to a small channel diameter (Smaller’ guided spot size). Since 41.8-
nm Xe®*t lasing requires only relatively low pump intensity, the small channel
diameter has no advantage in raising the gain while limiting the transverse
cross section of the gain region. Furthermore, the extension of the gain length
by the plasma waveguide cannot lead to a dramatic increase in photon num-
ber since 41.8-nm Xe®" lasing has a relatively high gain coefficient and thus
can reach saturation in a short distance. Therefore, with optimal pump f-
number and focal position, 41.8-nm Xe®" lasing can yield more energy than
that with an optically preformed plasma waveguide, because the optimal bal-
ance between pump beam convergence and ionization-induced refraction can
produce a gain region with the largest transverse cross section and the largest
gain length. The enhancement effect of an optically preformed plasma waveg-
uide is more dramatic for x-ray lasing that requires higher pump intensity
and has a smaller gain coefficient.
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aperiodic
grating

citing applications, su terferom'étry [75] and
high-spatial- &splut e._.s_pe}tla coherence of
the laser plays’ ac Jtlcalir" ications,. it is h1g~| ly desirable to
characterize the’d ree-‘b‘iﬁ}-ﬂatla ' %&Sou es. Measurements
of the spatial coherenee of dlffé ‘nt soft x-Tai Sourtes “been reported in
the literatures 78, 79, 8(_),,,- 81, SZT Since wave ulde—l[)as d soft -x-ray laser has
significant ability to gulde e ;ﬂte%l,se- ‘ump ‘pulses and the soft-x-rays, as
shown by the small divergence and high output, it is of interest to measure
the spatial coherence of an OFI soft-x-ray laser with a plasma waveguide.
In this section, the measurement of the spatial coherence of a 32.8-nm soft
x-ray laser with a pure Kr plasma waveguide is reported.

The spatial coherence is measured by using Young’s double-slit interfer-
ometry. The setup is shown in Figure 2.31. For this measurement a 25-
pm-thick Al foil with slit pairs of various slit separations is inserted in the
x-ray beam path at 25 cm from the exit of the gas jet and before the en-
trance of the flat-field x-ray spectrometer. The slits are all 15-um wide and
are machined by our ultrashort high-intensity laser. For a typical double-slit
coherence measurement, the relationship between fringe visibility V' and the
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Figure 2.32: Transverse spatial coherence of a 32.8-nm Kr®* x-ray laser un-
der the same conditions as for Fig. 2.32(b) measured by Young’s double-slit
interferometry. Images (a) — (d) show the double-slit interference fringes for
slit separations of (a) 65, (b) 80, (c) 100, and (d) 143 pum. The distance
from the gas jet to the slit pairs is 25 cm. (e) shows the fringe visibility as a
function of slit separation and its Gaussian-fit curve.
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Chapter 3

Multi-line Waveguide-Based
Optical-Field-Ionization Soft X-Ray Lasers

% i “
| g

As stated in chapter 1, soft x-ray 158 héjve ‘leﬁtensive applications in many
areas. Soft x-ray lasers have a sp‘eﬂlfﬁs‘fng wavelength depending on the
energy difference between the atomierlevels.! If they ean also be operated
at different wavelengths, or leven at several lakihg lines simultaneously, they
would be a more practical ool for Scientific research. The waveguide-based
optical-field-ionizaticn (OFi) soft x-ray lasern i§ one of the working mech-
anisms showing this*multi-line feature. Under the same configuration of
pump and waveguide-forming pulses, three stroiig:lasing lines with differ-
ent wavelengths can be achieved in pure xenon, krypton, and argon plasma
waveguides. Because of the strong enlancement effect of the waveguide, one
additional lasing line at 33.5 nm for a Ni-like krypton laser and two ad-
ditional lasing lines at 45.1 nm and 46.5 nm for a Ne-like argon laser are
observed. Moreover, simultaneous multi-species x-ray lasing at two different
wavelengths is also demonstrated with a Kr/Ar mixed-gas plasma waveguide,
and the ratio of the intensities of the two lasing lines can be easily tuned by
varying heater energy.

In Sec. 3.1, the dependencies of x-ray lasing photon number on heater-
pump delay, heater energy, pump energy, atom density, and pump polariza-
tion for 41.8-nm Xe®" lasing, 32.8-nm Kr®*" lasing, and 46.9-nm Ar®" lasing
are presented and discussed. In Sec. 3.2, the cause of multiple lasing lines
from the same ion species is described, and the correlation between the mul-
tiple lines is addressed. In Sec. 3.3, measurements of multi-species parallel
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x-ray lasing in a Kr/Ar mixed-gas plasma waveguide are reported.

3.1 Parameter Space of X-Ray Lasing in a Pure-Gas
Plasma Waveguide

Although the plasma waveguide has shown its power in the reduction of di-
vergence and increase in the gain length of x-ray lasers, the degree of its
influence on the three lasing species is very different. This can be ascribed to
the different operating conditions for these soft x-ray lasers. In this experi-
ment, to maximize the output phoigons of ‘r';kle x-ray laser, several parameters
are optimized for a Pd.like Xeé laser;-Ni=like Kr laser; and Ne-like Ar laser.
Due to the various charactegisties of the three species; the optimal conditions
are different. ,

For high-output’ x-ray lasé;r!,_ -eibrllndanti,-'ioﬁ"‘?pecies witlithe proper stage
(84 in this case) are necessary.#Fhis can bé done by the|OFI mechanism via
appropriate control of the laser intemsity:zAlthough the'intensities required
for Xe®t, Kr®*, and Ar®t ions C@F@%&Hﬂc lated bysthe ADK theory, as
stated in Sec. 2.2.1, another simple theoretica rxﬁodel is used here to estimate
the ionization ‘threshold inténsity witheut running complicated simulations.
This model supposes a combined potential formed by a superposition of the
Coulomb potential “sith a static electric fiel r|[84]. As&/the external field
strength is increased;”the eizht of ghe Coulomb’ barrier is suppressed. If
the field depression.of thepotential barrier exceeds};fhe binding energy of an
electron, ionization will océur rapidly. The superimposed potential is written

as
Ll
V(z)=—=— —eEyz, (3.1)
T

where Z refers to the residual charge seen by that electron, e is the electron
charge, and Fj is the strength of the electric field. The position of the barrier
maximum, T, is found by setting 0V (z)/0x = 0. Equating V (Z42) to
the ionization potential (the binding energy of the electron), U;, yields an
expression for the critical electric field strength

Ul

crital — . 3.2
fal 16¢622 (3:2)

Setting this static electric field equal to the peak electric field of the laser,
we obtain the corresponding intensity which can be defined as the ionization
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Element I IT I1I vV \Y VI

Xe 12,13  21.21 32.10 46.70 59.70 71.80
Kr 14.00 24.36 36.95 52.50 64.70 78.50
Ar 15.76  27.63 40.47 59.81 75.02 91.01

Element  VII VIII IX X XI XII

Xe  92.10 105.@&-@_@;@@.902.00 232.60 263.50
Kr 111.@3-;‘1125& ) 7230.85 ~268.20,. 308.00  350.00
Ar 124139° 14340% 42245747869 538.96 618.26
T PR L — ——
y £3

Table 3.1: hie ionizatig

4 { o ,|-:_‘
ntials (eV) o H}and Xe atoms [6, 88].

Y 2\ |
et il P r L R
threshold Q’Qenlsﬁﬁ}; 85, 86], \ =
<) -
., ’ ‘ -.7 (3'3)
| o
where U; fﬂﬂﬂhéu}pﬂi n potential n";]?{xpré’hments by

Augst et al:;lla\i'e shown that for a Iz urln and pulse dura-
a‘atcurately estimated

tion of 1 ps, the ionizat1 'several noble gasesican:

by this Couloﬁi_bﬁié“fi‘ierf_ odel [85 ‘iuati 3 Sh(')'\z\:?sl.tba,t Linreshold 1S
proportional to" ;‘,,and-g_fﬂ io tial 'i%rgéase [fi'"&‘in Xe to Kr to
Ar under the same charge staté; as showniin Tab."3. L. .‘gsh'is means it is in-
creasingly difficult to'fibg ize gfoﬁls to"the éﬁz-c-i_ﬁc__' ‘n’_'gfages from Xe to Kr
to Ar gases. Figure 3.1 d'egjé-f_ztsﬁ_lg@ftb:n shol ‘intensities of Xe, Kr, and Ar
ions for the first ten charge stétés_."‘%éf Xe®* ion, Kr®* ion, and Ar®* ions,
the ionization intensity thresholds are about 7.9 x 10’ W/cm?, 1.6 x 106
W/em?, and 2.7 x 10'6 W /ecm?, respectively. On the other hand, the os-
cillator strengths for the Xe®* 5d — 5p transition, Kr®* 4d — 4p transition,
and Ar®T 3p — 3s transition are 0.7461, 0.6273, and 0.2053, respectively [87].
The higher ionization intensity threshold requires a higher pump laser in-
tensity and the lower oscillator strength results in a smaller gain coefficient.
Therefore, from 41.8-nm Xe®t to 32.8-nm Kr®* to 46.9-nm Ar®*, OFI x-ray
lasing is increasingly difficult to achieve because of the increasing ionization
intensity threshold and decreasing oscillator strength of the lasing transi-
tion. For convenience, the lasing and optimal experimental parameters are
summarized in the Tabs. 3.2 and 3.3, respectively.
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10

—
o
B

intensity (W/cm?)

energy energy delay density

Xe 225 mJ 180 mJ 5.5 ns 1.6 x 10" em™3
Kr 235 mJ 225 mJ 2.5 ns 2.7 x 10" em—3
Ar 235 mJ 325 mJ 1.5ns 1.4 x10¥ em™3

* The ignitor energy is 45 mJ and the ignitor-heater separation is 200 ps for
the three lasing lines.

Table 3.3: The optimal experimental parameters for Pd-like Xe, Ni-like Kr,
and Ne-like Ar x-ray lasers.
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Figure 3.2 shows the number of photons of 41.8-nm Xe8*, 32.8-nm Kr®*,
and 46.9-nm Ar®" lasing lines with a pure-gas plasma waveguide as a func-
tion of heater-pump separation. The other parameters are the same as that
in Tab. 3.3. Optimal delays for maximum x-ray lasing for the three lasing
lines are found to be 5.5 ns, 2.5 ns, and 1.5 ns, respectively. All the data
points in this and the following figures represent the average of five laser
shots, and the error bars represent the standard deviation. With increasing
of heater-pump separation via hydrodynamic expansion, the plasma waveg-
uide evolves into one with a larger channel diameter and a lower on-axis ion
density. The increase in channel diameter leads to a larger transverse cross
section of the gain region, resulting in an_increased photon number. How-
ever, the correspondingly reduced ,pump ‘intensity lowers the fraction of the
lasing ion species when the pump intensity falls to the level of the ionization
intensity threshold of ‘the lasing ionization stagesor-lower, decreasing the gain
coefficient. At the same time, the decreased om-axis ion density also lowers
the gain coefficient; The trade-off between these three effects should result
in an optimal heater:pump delay for max.lmum lasing phgten number. Fig-
ure 3.3 shows the number of p.htmﬁ_ of ‘41 8-im Xebt ) 32.8-nm Kr®t, and
46.9-nm Ar®t lasing lines withia p pl ma Wavegulde as a function of
heater energy. The other parameters*aresthe sae as that in Tab, 3.3. Since
a plasma waveguide evelyves| faster W'tplncreasing heater energy as a result
of increased plasma temperature, an @ptimal heater energy, s present for a
fixed heater-pump delay. duF to the'same trad;e—Fff nmechanism.

e | .

A comparison Between tﬁe optimal'eonditions for maxiium lasing output
for these three lasing lines“shows that a higher héater energy and a shorter
heater-pump delay should"be used-when changing the target from Xe to Kr to
Ar. This can be ascribed to the differerfce in the ionization intensity threshold
between the three cases. For Xe®t, Kr8ty and Ar®* ions, the ionization
intensity thresholds are about 7.9 X 10% W/cm? 1.6 x 1016 W /cm?, and
2.7 x 10'6 W/cm?, respectively. That is, the required pump intensity in the
plasma waveguide increases when changing from Xe to Kr to Ar. Therefore,
a higher heater energy and a shorter heater-pump delay should be used to
produce a plasma waveguide of a smaller channel diameter, which leads to
a smaller guided pump beam size and thus higher pump intensity, while
maintaining a sufficient plasma density barrier for good guiding efficiency.

Figure 3.4 shows the number of photons for 41.8-nm Xe®", 32.8-nm Kr®*,
and 46.9-nm Ar®* lasing lines with a pure-gas plasma waveguide as a function
of pump energy. The other parameters are the same as in Tab. 3.3. An
exponential dependence on pump energy at low pump energies is expected
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Xe 41.8 nm
Kr 32.8 nm
Ar 46.9 nm

0 100 200 300
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Figure 3.3: Number of photons of 41.8-nm Xe®*, 32.8-nm Kr®*, and 46.9-nm
Ar®t lasing lines with a pure-gas plasma waveguide as a function of heater
energy. The other parameters are the same as in Tab. 3.3.
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e the same as in

of atom density in the g_f:jet-f"fhe othet,}garameters

Tab. 3.3. Interferom'é"-cry measu‘rements reveal that the on-axis ion density
increases with increasing ga§ Je_)ir gp?m. jiem]ify ‘when the other parameters
are fixed. The x-ray lasing intensity increases exponentially with increasing
atom density at low density, which can be ascribed to the increase in gain
coefficient with increasing on-axis lasing ion density and also with increasing
on-axis lasing ion fraction due to better guiding. At higher atom densities,
the increase in lasing photon number with increasing atom density becomes
gradually saturated. This may indicate that the amplification reaches the
saturation regime, in which the photon number becomes roughly linearly
proportional to the lasing ion density instead of exponentially proportional.
As observed from the Ar data, at even higher atom densities the lasing photon
number decreases with increasing atom density, which may be explained
by the increased collisional-deexcitation and collisional-mixing rate of the
upper level with increasing on-axis plasma density and/or the lowered lasing
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Figure 3.6 sﬁ’ows thexjﬁnm} %,*"" 32.8-nm Kr¥*,
and 46.9-nm ArS‘L‘Tasmg “Jines f%rsh a pureg? plasma waveguide as a func-
tion of pump polarlzziflog, The Other parameters are thlte same as in Tab. 3.3.
For 41.8-nm Xe®" lasing, thef hl_ghheﬁ ph t0'51 mh:nber is achieved at circular
polarization while no x-ray lasing occurs at linear polarization. The strong
dependence on pump polarization ellipticity reveals that above-threshold ion-
ization heating is the dominant heating mechanism. For 32.8-nm Kr®" lasing,
the x-ray lasing photon number is also higher for a circularly polarized pump
than for a linearly polarized pump but the difference is much smaller. Strong
lasing can also be obtained with a linearly polarized pump pulse. For 46.9-
nm Ar®* lasing, the lasing photon number shows roughly no dependence on
pump polarization ellipticity. The results for Kr and Ar support the strong
enhancement effect by the plasma waveguide, which enables lasing even for
the much less effective linearly polarized pump pulse. A plasma waveguide
can provide a long gain length which can lead to saturation even with the
low gain coefficient from a linearly polarized pump pulse, thus reducing the
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X-ray laser using an optically preformed plasma waveguide of Kr/Hy mix-
ture is also investigated. Figure 3.7(a) and (b) show the x-ray spectrum and
angular distribution, respectively, for a 32.8-nm Ni-like Kr laser by using a
Kr/Hy mixed-gas plasma waveguide. The total backing pressure of the gas
jet is 630 psi, and the Kr:Hy partial-pressure ratio is 1 : 4. Assuming that
the relation between backing pressure and atom density measured for pure
krypton can be applied to the mixed gas, the Kr atom density is estimated
to be 5.8 x 10'® ecm™3. The ignitor energy is 45 mJ, the heater energy is
50 mJ, the ignitor-heater separation is 200 ps, and the heater-pump delays
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is 2.5 ns. The output is only 2 x 10° photon/pulse, and the x-ray beam
divergence is decreased to 2.7 mrad in FWHM. Although a better guiding
efficiency is achieved, the lasing photon number is not as large as that with a
pure gas plasma waveguide, which may be ascribed to the lower krypton den-
sity imposed by the maximum applicable gas-jet backing pressure and also
the cooling of plasma electron temperature by the low-temperature electrons
released from hydrogen [89].

Figure 3.8 shows the number of photons of a 32.8-nm Kr®* lasing line with
a Kr/Hy mixed-gas plasma waveguide (triangle) and with a pure Kr plasma
waveguide (square) as.a function of pump polarization ellipticity. Due to the
lower krypton density and the coéljng effe'c!t_of cold electrons, the output of
Ni-like Kr lasing exhibits much stronger dependenee-on pump polarization
ellipticity. Figure 3.9°shows.thie number of phéteris.of a 32:8-nm Kr®' lasing
line with a Kr/H; mixedtgas plasma waveguide (triangle) and with a pure
Kr plasma wavegiide (square) as a function of heateér efiergy. The optimal
heater energy can also be ascribed'tp the same 3c‘rade—off meéhanism described
above. Note that the optimal‘heaﬁgé en:éngy is much lower in the case of a
Kr/H; mixed-gas waveguide. LThis;ﬁiséneﬁ_aAcyﬁ may result from the lighter
hydrogen ions, leading to faster pl@ﬁ‘expapsion andi'thus a lower on-axis
ion density. I'! |

E | 1S ; Fl

3.2 Multiple-.ﬂasin!g Lines for thb:S__ame Ton Species
3.2.1 Ni-like Kr lasing

Using an optically preformed plasma waveguide yields not only dramatic
enhancement of a soft x-ray laser but also subsidiary lasing lines. In the
case of a Kr®" plasma waveguide, besides the primary lasing line at 32.8 nm,
another lasing line at 33.5 nm is also observed, as shown in Fig. 3.10(b). The
output of the 33.5-nm lasing line roughly maintained at about two orders of
magnitude smaller than that of the 32.8 nm lasing line with varying atom
density, pump polarization, pump energy, and heater energy, as shown in
Figure 3.11. This seems to indicate that the 33.5-nm lasing line comes from
a transition from the same upper level to another satellite lower level close
to that of the primary lower level. It may be attributed to the 3d° 4d 'S, —
3d® 4p 3D, transition, as illustrated in Fig. 3.12.
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Figure 3.7: (a) X-ray efiission spectrum and_(b) ‘angiilazdistribution in the
propagation directionsof the pump pulse for a 235-mJ circularly-polarized
pump pulse guided in"a Kr/Ho~mixed-gas waveguide. The total backing
pressure of the gas jet is 630 psi and the Kr:Hs partial-pressure ratio is 1 : 4.
The ignitor energy is 45 mJ, the heater energy is 50 mJ, the ignitor-heater
separation is 200 ps, and the heater-pump delays is 2.5 ns.
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Figure 3.9: Number of photons of a 32.8-nm Kr®* lasing line with a pure Kr
plasma waveguide (square) and with a Kr/Hs mixed-gas plasma waveguide
(triangle) as a function of heater energy. The other parameters are the same
as in Fig. 3.7.
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Figure 3.10: (a) CCD raw image and (b) x-ray emission spectrum in the
propagation direction of the pump pulse for a"235-mJ circularly polarized
pump pulse guided in a pure krypton waveguide with an atom density of
1.6 x 10 cm™3. The ignitor energy is 45 mJ, the heater energy is 225 mJ,
the ignitor-heater separation is 200 ps, and the heater-pump delay is 2.5 ns.
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with a pure-gas plasma Wavegulde as afunctlon of ( ) atom density, (b) pump
polarization, (¢) pump energy, and (d) heater energy. The other parameters
are the same as in Tab. 3.3.
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In the caseiif an Ar : i strong ha,pmg line at

) ha 5 hin are observed, as
shown in Fig. 3@14@“) Observation ie 45. lasmgfhn:quom a Ne-like
argon plasma has- been -nggorte men.%y_mth l,i n Ar gas puff tar-
get irradiated by Y hlgh éﬁ"erg}?':i'a,ﬁer beam-;._fpéused to.a line [90, 91, 92, 93].
The 45.1-nm line was" negpgmzed “as the 2p°-3 IP]_ 2155 3p L P, transition in
Ne-like Ar driven by the sel Z;h.amsm [90, 91, 92, 93]. Pho-
topumping is one of the orlgmal me(f]-p sms for demonstratmg x-ray lasing,
which uses thigh-energy photons to pump the laser upper level. Of several
photopumping methods, resonant photopumping is more efficient because it
uses a strong pump line that is resonant with a line in the lasing material
that can be photopumped and thereby create a population inversion [94, 20].
Nilsen et al. showed that the amplification observed in the 2p° 3d *P, — 2p°
3p 1P, line of Ne-like Ar at 45.1 nm in a laser-created plasma was assisted
by photopumping due to reabsorption of the 2p® 3d P, — 2p5 1S, resonance
line [90, 91, 92, 93]. Unlike other proposed resonantly photopumped x-ray
laser schemes that require a strong pump line from a separate plasma that
is resonant with a line in the laser medium, this scheme is self-pumped and
therefore has a perfect resonance.
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referred to as self- p’[mtopu:fnpmg The 2p° %_gﬁ-Pl and 2pg 3P, lower levels
are quickly depopulated hrougﬁ coth!onal n-’{'lxmg Wlﬂi the other nearby 3s
and 3d states and also by radlagive decay: The 2p° 3d 1 P, state also decays
strongly to the 2p° 3p 1S, state’ and enhances the gain of the collisionally
excited 2p® 3p 1Sy — 2p° 3s ' P, transition at 46.9 nm. For convenience, the
1s% 252 electrons, which are common to all the levels, are omitted, and LS
coupling notation is used. The strong lasing at 45.1 nm with an intensity
comparable to that of the 46.9 nm lasing and the first observation of 46.5-
nm lasing, which has even less gain than the 45.1-nm line, verify the strong
enhancement capability of the optically preformed plasma waveguide.

ecay-of the upper level

Figure 3.15 shows the number of photons for the three Ar®* lasing lines
with a pure-gas plasma waveguide as a function of pump energy. The other
parameters are the same as in Tab. 3.3. The dependencies on pump energy
for the three lasing lines are similar because they are from the same lasing
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Figure 3.14: (a) CCD raw image and (b) x-ray emission spectrum in the
propagation direction of the pump pulse for a 235-mJ circularly polarized
pump pulse guided in a pure argon waveguide with an atom density of 2.7 x
101 em™3. The ignitor energy is 45 mJ, the heater energy is 325 mJ, the
ignitor-heater separation is 200 ps, and the heater-pump delay is 1.5 ns.
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Figure 3.16: Number of photons for the three Ar®* lasing lines with a pure-
gas plasma waveguide as a function of atom density in the gas jet. The other

parameters are the same as in Tab. 3.3.
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Figure 3.16 shows ' re'é"‘iA‘i"g"E,;lasing lines
with a pure-gas plaStha ‘wa *dens y. The other
parameters are .the:rsame as'i reasmg’ ai;of?l density, the
photon numbers-@,ﬁ all-'lga_gmg @ne ially at low atom
density, gradually saturate at 'Elg,her dens[‘g and decrease at even higher
density. Note that at an__‘,atom dénsﬂ:}’ excee mg I %10 cm~3 , the 45.1-
nm land the 46.5-nm lasmgql{ée;pf{lp easjng'ﬁ!xﬁ(inentlally, while the 46.9-nm
lasing becomes strongly saturated. This may indicate a decreased lower-level
population with increasing plasma density via collisional mixing with nearby
3s and 3d states. At an atom density above 3 x 10! cm™3, the outputs of
all three lines start to decrease with increasing atom density. This may be
explained by two effects. First, the increasing atom density provides higher
on-axis plasma density, which enhances inverse bremsstrahlung heating and
thus increases the expansion velocity of the plasma waveguide. The increase
in channel diameter will guide a larger beam diameter, resulting in a reduced
intensity and thus a lowered lasing ion fraction. On the other hand, the rate
of collisional deexcitation and collisional mixing of the upper level increases
with on-axis plasma density, leading to a lower population inversion and thus
a lower gain.
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Figure 3.17 shows the number of photons for the three Ar®* lasing lines
with a pure-gas plasma waveguide as a function of pump polarization ellip-
ticity. The other parameters are the same as in Tab. 3.3. All show roughly
no dependence on pump polarization ellipticity, which can be explained by
the reasons given in the previous section.

3.3 Multi-Species Parallel X-Ray Lasing in a Mixed-
Gas Plasma Waveguide

i

With a Kr/Ar mixed-gas plasma Waveguidé, we achieved simultaneous multi-
species x-ray lasing.” Figtre 3.18 showsthex-ray lasing spectrum for a plasma
waveguide of mixed Kr and Ar with a partial-préssureratio of 1 : 1 and a total
backing pressure of 400psi. The pump pulse energy is 240 mJ, the ignitor
energy is 45 mJythe heater energy is 220 mdJ, the ignitor-heater separation
is 200 ps, and the heater-pump delay is L 5 ns! Assumlng that the relations
between backing préssure and a‘ton;_d.en&t}r easured for pure krypton and
pure argon gas_jets can be aﬁphe thé mixed gas, the Kr and Ar atom
densities are estimated to be 9.1 x ¥ Gm"" and|1.2x 10" cm 3, respectively.
Although the optimal conditions for axmuzeﬁ lasing output are different
for Kr and Ar plasma waveguides, si taneohs lasing of the two ion species
can be obtained at trade—ol% ¢ nditidns ! F
| .

The dependencies” of X—Laﬂz lasing photonln:umber on backing pressure
(atom density ), pump eﬂer’gy, and pump polarizati"d];i for 32.8-nm Kr®* lasing
and 46.9-nm Ar®*lasing are shown, in Fig. Jul9~ 3.21, respectively. The other
parameters are the same as in Fig. 3.18. The behavior of the two lasing lines
in the mixed gas is similar‘to that in the case of pure gas, and it can be
explained by the same reason.

Figure 3.22 shows the number of photons for 32.8-nm Kr®" and 46.9-
nm Ar®t lasing lines with a mixed-gas plasma waveguide as a function of
heater energy. The other parameters are the same as in Fig. 3.18. For a
heater energy exceeding 100 mJ, the photon number of 32.8-nm Kr®* lasing
decreases with increasing heater energy, whereas that of 46.9-nm Ar8* lasing
increases with increasing heater energy. At a short delay of 1.5 ns the guiding
efficiency of the pump pulse, and thus the pump intensity, increases with
increasing heater energy. Because the ionization intensity threshold of Ar®* is
almost twice of that of Kr®*, while the 46.9-nm Ar®* lasing intensity increases
as a result of increased Kr®* ion fraction, the 32.8-nm Kr®* lasing intensity
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Figure 3.18: X-ray emissiomfspectrum in the propagation direction of the
pump pulse for a 240-mJieireularly polarized pumpspulse guided in a Kr/Ar
mixed-gas plasmaswayeguide. The total backing presstire of the gas jet is
400 psi and the Kr:Ar partifil-pre§sure ratio 1§ 1 : 1. Thé-ignitor energy is
45 mJ, the heater epergy is 220" J, the ignitor-heater separation is 200 ps,
and the heater-pump delay s 1.5 L

decreases as a_result of decreased Kift ion fraction due to.over-ionization
to the next ionization stage. Although-multi—line coherent. soft x-ray source
can be produced by, other methods, such as high-harmonic generation or
soft x-ray lasers byzother pumping schemes, faw allow control of the relative
intensities of different lasing-liness" In contrast, the.dependence on heater
energy provides an easy-way te-tune the ratio of the intensities of the two
lasing lines, which is useful in-the'application-of such & two-color soft-x-ray
laser.
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Figure 3.20: Number of photons for 32.8-nm Kr®* and 46.9-nm Ar®* lasing
lines respectively with a Kr/Ar mixed-gas plasma waveguide as a function of
pump energy. The other parameters are the same as in Fig. 3.18.
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Figure 3.22: Number of photons for 32.8-nm Kr®* and 46.9-nm Ar®* lasing
lines respectively with a Kr/Ar mixed-gas plasma waveguide as a function of
heater energy. The other parameters are the same as in Fig. 3.18.
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Chapter 4

Seeding of an Optical-Field-Ionization Soft
X-Ray Laser in a Plasma Waveguide by High
Harmonic Generation

¥
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1 'L:';f‘
4.1 Introduction | | & o |

E ; '1- | ‘ |
f - i 2
Until now, the soft x-ray lasers digeussed above are all based en amplified
spontaneous emissiofy, (ASH).|An ASE x-ray| laser, exhibits a large output
but has limited waveform qﬁal‘,ity dueite self-seeded amplification from spon-
taneous emission noise; “Inraddition, ASE1asers’are unpolarized [95], and
have a relatively long pulse duration (few to.tens of picoseconds) associated
with the gain duration [96, 43;97, 26]. Many studies have been devoted to
improving the optical quality of soft-x-ray lasers. These include the demon-
stration of double-pass amplification [98] to enhance the spatial coherence or
an multistage geometry combined with a polarization-dependent x-ray mirror
to demonstrate amplification of a polarized soft x-ray laser beam [95]. How-
ever, these improvements focus on only one or two characteristics of x-ray
lasers and the enhancement is limited. In contrast, high harmonic genera-
tion (HHG) shows a high degree of spatial coherence [99] and has a much
shorter pulse duration (less than 10 femtoseconds to attoseconds) due to its
broad bandwidth. However, the absolute photon number is limited. Due
to the complementary characteristics, it is natural to combine HHG and an
ASE soft-x-ray laser by using HHG as a seed and an ASE soft x-ray laser
as an amplifier to generate intense soft x-ray pulses with small divergence,
short pulse width, enhanced spatial coherence, and controlled polarization.
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Moreover, seeded x-ray lasers do not suffer from timing jitter relative to the
pump laser, which is important for pump-probe applications. Amplification
of an HHG seed was first demonstrated by Ditmire et al. in a gallium tar-
get, but the amplification factor was low due to strong refraction caused by
dense plasma [100]. Recently HHG seeding with high gain was achieved in
optical-field-ionization (OFI) x ray-lasers in a krypton gas cell [96, 82, 101].
Later, saturated amplification of HHG seed pulses was achieved in collisonal-
ionization x-ray lasers by heating solid targets [102, 103, 104]. In view of the
great versatility and high efficiency of OFI soft x-ray lasers based on opti-
cally preformed plasma waveguides in gas jets, it.is highly desirable to see how
HHG seeding will enhande the performance of such lasers. Nevertheless, HHG
seeding of a soft x-ray laser is a coinplex problem, since the two x-ray sources
have many distinet characteristics..Several simulations of the behavior of a
seeded soft x-ray laser’have been performed to'thisew field {105, 106]. Here,
on the experimental sidejwe demonstrate HHG seeding of a soft x-ray laser
in a plasma waveguide, and the detailed optimization afid. characterization
of the seeded soft x-vay laser ére:rq-portedi.u n tl‘le followingLsections.

| T | |

i

4.2 Characteristics' thél.tﬁighFHarmonic Generation
im 1 £

I-. e _
HHG is usually produced bL onlinear intera! tton between an intense laser
and gas atoms. The basic perEeSS of HHG ca\g be“described using the semi-
classical three-step model:proposed by Corkumand Kulander et al. [107, 108].
Figure 4.1 (from [8]) illustratesthe conceptsassociated with each step. First,
the outer-shell electron of thezatom isrionized by the intense laser field via
tunnelling ionization near the laser peak and becomes free with null initial
velocity. The freed electron is accelerated by the laser field and moves on a
classical trajectory in the laser field. If the field is linearly polarized, then
the electron can be accelerated back toward its parent ion and has a certain
probability of recombining with it and emitting a high-energy photon. The
energy of the emitted photon is determined by the sum of the ionization po-
tential and the instantaneous kinetic energy of the electron at the moment
of recombination. The kinetic energy depends on the phase of the electric
field at the moment of ionization. According to this semiclassical model, the
maximum photon energy (cutoff energy) occurs at a phase of 17° after the
peak of the laser cycle (at a phase of 0°) and is given by [107, 109]

hwmax = I, + 3.17U,, (4.1)
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hv = Ip + Wi

tunneling ionization acceleration in the recombination
laser field and photoemission

Figure 4.1: Illustration of three-step model: ( ) tunnelling ionization of the

electron, (b) electron in the laser field, and (c¢) recombination and emission
of a high-energy photon The elfelzgf of -ﬂhe A_ged photon is the sum of the
ionization potential (I,)and the antane‘(;us inetic energy of the electron
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field, electron mass
respectivelﬁ'?U’smﬂ
region. For example, intensity of 2 x 10
W /em?, the maximuih, e@mﬁbﬂ“ R'hoton energy
is 54 eV for an Ar jc'om _COLTESPO , nnr'x, rays " Sing nce this process
occurs every haTCy.cle 6f _phe ele 1e erﬂi’t‘&eﬂ: radiation is produced
with the same peI‘lOd for'exafa};pl‘e 1.3 fs for'an 800- m aser pulse. These
consecutive bursts add _Qoheren’bly and thus resu in'a discrete spectrum
consisting of the odd harmoﬂlcs}bf t}ie-l?ser J'frec!uency 8].

From the above semiclassical theory, HHG is considered as a coherent pro-
cess driven by a coherent laser pulse; thus, it should retain most properties
of the driving laser. HHG has been proven to have low divergence [110, 111],
high spatial and temporal coherence [99, 112, 113], and linear polarization.
Moreover, it occurs only during the duration of the driven laser and thus has
an ultrashort pulse duration, from sub-10-femtoseconds to attoseconds [9].
The harmonic source meets almost every requirement for a soft x-ray coher-
ent source, but the absolute output is limited by the ionization threshold,
resulting in pulse energies typically in the nJ range [10]. In contrast, soft
x-ray lasers possesses much higher energies but lacks good properties as a
coherent source. Therefore, it is expected that an ultrashort, highly coher-
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ent, high-intensity soft x-ray coherent source can be obtained by combining
HHG (as a seed) and a waveguide-based x-ray laser (as an amplifier).

4.3 System Design and Configuration

The experimental setup is shown in Fig. 4.2. An 1l-mm-diameter 3.8-mJ
pulse is used as the pump pulse to produce soft-x-ray seed pulse via HHG. It
is focused with an off-axis parabolic/mirror (OAP) of 30-cm focal length onto
an Ar clustered gas jet. The'Ar gas jet is produced by .a 1-mm-diameter coni-
cal nozzle and a pulsed valve. The atom de'n!sjty is set at 7.1 x 10*® cm 3. The
focal spot size of the pulse is 30 pm-infull width at half maximum (FWHM)
with 87% energy enclosed im'a Gaussian-fit profile.~The focus is placed at
1.3 mm after the entrance of the Ar gas jet. |The beam diameter, laser en-
ergy, atom ‘density, and focal position are_chosen for maxmuzmg the 25th
harmonic.. Matching/of the Centraﬂl wavelength of the HHG seed to that of
the Ni-like Kr 32.8-nm x-ray lasen gg,phﬁer IT achleved by setting the pump
pulse of HHG to a duration of 36048 aiid, a positive chirp [114]." The pro-
duced HHG pulse is imaged onto 1 entFance of the soft-x-ray amplifier by
a soft-x-ray multilayer éoncave mirrorref 30- CmH focal length and propagates
collinearly withthe amplifier pump p lse A feﬂectlng mirror with a hole at
its center is used to combine the HHE pulse and the amphﬁer pump pulse.
The orientation of the, line ly polarized HH(F E|s controlled by rotating the
polarization of its pump pu sel with_a'half-wave plate

The soft-x-ray amphﬁer is driven by three_pulses. A 235-mJ, 38-fs, circu-
larly polarized pulse is used as the puthp pulse forpreparation of the lasing
ionization stage through optical-field ionization and heating of the plasma
electrons to achieve collisional excitation. The other two pulses, referred to
as the ignitor and the heater, are used for fabricating a plasma waveguide
by using the axicon-ignitor-heater scheme [51, 53|. For this experiment, the
ignitor is 45 mJ in energy, 38 fs in duration, and s-polarized (vertically polar-
ized), and the heater is 270 mJ in energy, 160 ps in duration, and p-polarized
(horizontally polarized). After combined by a thin-film polarizer, these two
pulses propagate collinearly and are then focused by an axicon of 30° base
angle on the Kr clustered gas jet. The line focus overlaps with the prop-
agation path of the amplifier pump pulse in the gas jet. A hole of 5-mm
diameter at the center of the axicon allows passage of the amplifier pump
pulse and the HHG seed. To increase the efficiency of waveguide fabrication,
a convex lens of 40-cm focal length with a hole of 2-cm diameter at the center
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is positioned in front of the axicon to concentrate the laser energy in a length
(~1-cm length) matched to the length of the gas jet. The clustered gas jet
used for the soft-x-ray amplifier is produced from a slit nozzle. The gas jet
profile has a flat-top region of 8&-mm length and a boundary of 500-um length
at both edges along the long axis. The atom density is 1.6 x 10'? ecm™3. The
ignitor-heater separation and heater-pump separation are 200 ps and 2.5 ns,
respectively. Under this condition, optimal guiding of the amplifier pump
pulse in the plasma waveguide is achieved and the photon number of the
ASE soft-x-ray pulse is at maximum. The details about the waveguide-based
soft-x-ray amplifier were deseribed in Chapter 2. Figure 4.3(a) shows more
details about how the HHG seed, amplifier, pump pulse, and ignitor/heater
pulses are directed to the gas jet.LLMaximli.Iq amplification of the HHG seed
is obtained when'the delay between.the MG seed and the amplifier pump
pulse is set at 2.0 ps. The relative time delays of the.four pulses are shown in
Fig. 4.3(b). A flat-field grazing-incidence x-ray spectrometer; eonsisting of a
1200-line/mm apétiodically ruled _grating and a back-illuniinated 16-bit x-ray
charge-coupled device (CCD) camera, is used to measure theé spectrum and
horizontal angular profile of th.e*qu;ggl_lt X—Iay pulses after the latter are re-
flected by asoft-x-ray multllayer NALEOT rFWO 0. F25 pm-thick aluminum filters
are used to block the transmitted Hlffp;}ﬂls and attenuate x-ray emission.
From the known grating reflectivitygfilter traﬁlsmittance, X-Tay mirror re-
flectance, and “€CD Tesponse, (the absolute number'of soft=x“ray photons is
determined. Mach- Zehndelii erfefometry with a 38-fs probe/pulse is used
to measure the plasifia density distribution. ﬁplayed fihaging system, con-
sisting of a movable Wedge a pair_of lens, an ©bjectivelens, and a 14-bit
CCD camera, is used tg meéasure the beam profiléof the pump pulse at the
exit of the gas jet.”An.online inlaging systeimy eonsisting of an objective lens,
a movable aluminum mitror, and a 14-bit CCD.eamera, is used to do the
spatial overlap between the pump beam-and waveguide-forming pulses in air
and vacuum. A photo of the experimental setup is shown in Fig. 4.4.

4.4 Optimization of the Seeded Soft X-Ray Laser

4.4.1 Spectral Overlap

In a seeding experiment, the HHG seed should be optimized for an output
as high as possible to overcome the amplified spontaneous emission in the
amplifier. This requires not only the strong emission from each single atom
but also that all of the atoms in the gas emit in phase. The phase mismatch
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(a)

xray ¢ amp £ Kr gas jet
7 mirror o ) . =
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Figure 4.3: (a) Illustratlon of " Saruiel Ju -o the amplifier pump pulse,
and the ignitor /heater pulses are dlrected to the gas jet. (b) The relative
time delays of the HHG seed, the amplifier pump pulse, the ignitor pulse,
and the heater pulse.
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Figure 4.4: Photo of the experimental setup.
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comes from the difference between the phase velocities of the fundamental
wave and harmonic wave. Three major effects contribute to the dephasing
between fundamental and harmonic field: (1) dispersion from the neutral
atoms and the free electrons, (2) single-atom response depending on the
driving laser intensity , and (3) the curved wave front in the focused driving
laser beam (Gouy phase shift) [115]. The third one can be suppressed in a
loose focusing geometry (large f-number), and the first two factors can be
reduced by regulating the laser energy, laser spot size, and atom density.
Besides, the laser pulse will suffer from ionization defocusing, which lowers
the laser pulse intensity and thus reduces the. effective interaction length.
This defocusing effect can also be,reduced.in a‘loose focusing geometry, or it
can be balanced by beam Convergépce thr(')!ugh placing the focus at different
positions with respect«ter the gas medium,

In additien to maximize the HHG emission, the armonie frequency also
should be matched to the given x-ray lasing line. Inthis eXperiment, the fun-
damental wavelength'is 810 fm, s6,its 25th hatmonic (32'4.um) has a closed
match with 32.8-nm’ Ni-like Kr,.ia,sig!lirnlé‘u Tt has been suggested previously
that the HHG spectrum coulc} be-tuned be l:h?nging the intensity or chirp
of the fundamental beam. The iheréasesof inténsity will induce the ioniza-
tion blue shift [116; 117, adiabati¢ blue shift [118, 114] or broadening
of HHG spectrum- [119]. And the lasér'chirp|gives a red or, blue shift spec-
trum, depending on positiv} f negative chirp. For example, the positively
chirped laser pulse give ted sﬂift harmonics b (fpuse hartdonics produced in
the leading edge of the fund!mﬁental laser come from the'séd part of the laser
spectrum. However, whens¢hanging the chirp, several parameters are varied
at the same time, such, as+chirp;pulse duration, and laser intensity.

As mentioned above, several parameters will affect the efficiency of HHG,
and they have to be controlled independently in this experiment. For do-
ing this, an individual beam line is used as the driving laser of HHG seed.
Hence, the energy and frequency of the 25th harmonic can be optimized by
regulating the laser energy, laser chirp, gas pressure, laser focal position, and
input beam diameter. After such a complicated optimization among the five
parameters, an optimal condition can be found for maximum emission of the
25th harmonic, at which the HHG wavelength is close to but not exactly
equal to that of Ni-like Kr lasing line. The final spectral matching is ac-
complished by tuning the laser chirp. In the following seeding experiments,
the daily optimization is the fine adjustment of the wavelength of the 25th
harmonic to coincide with that of Ni-like Kr lasing by adjusting the chirp
of the driving laser, while the rest of parameters are fixed at this optimal
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condition.

4.4.2 Spatial and Temporal Overlap

In the process of laser amplification, spatial and temporal overlap between the
seed and the laser amplifier are crucial for extracting maximum energy from
the amplifier, especially when strong spontaneous emission competes with
the HHG seed in the waveguide-based x-ray amplifier. Note that four pulses
with different focusing opties and purposes are involved in this experiment,
making the overlap procedure mare complicated. During the process, each
step in the optimization procedure should:be performed in order and with
different diagnostic tools depending on thestype of plses.

Overall, this overlapprocedure should start from the spatial overlap be-
tween the amphﬁer pump pulse and waveguide-forming pulses (ignitor and
heater). Two preset firis paifs are fused fqr ahgnmg theseptlses. After this
alignment, an angular overlapy Wl.tmp.l mra between these pulses can be
achieved. Next, fine adjustment is }?@d y checking the gverlap between
the amplifier pump pulse and wa uLdéforymng pulses from the entrance
to the end of the gas jetswith an onli 1mag1n§ system. Then, the angular
overlap betweenzthe HHG an ampl puﬂlp pulses is aligned to within
1 mrad by using two irises $e arated by apprmhmately 1 m, representing a
10 pm error in space/hetwe nithe two beams Ffor ajl-cin-long gas jet. Next,
the spatial overlap' between the HH@ and arﬂphﬁer pump pulses is further
checked at the entrancé afid exit of the gas jet byiusing a relayed imaging
system.

After doing the spatial overlap,-the temporal overlap between the two
pulses is checked by observing the near-field profile of the HHG pump pulse
with the same relayed imaging system. If the HHG pump pulse arrives
after the amplifier pump pulse, the profile of HHG pump pulse will pass
through the plasma created by the amplifier pump pulse and then diffract.
In contrast, if the HHG pump pulse arrives before the amplifier pump pulse,
it will retain the same profile as without the amplifier pump pulse. Note that
temporal overlap should be done after the spectral matching procedure. This
is because the chirp of the seed pump pulse, one of the controlled parameters
for spectral overlap, is varied by changing the distance between the grating
pair of the compressor and thus changes the temporal delay between the seed
and amplifier pump pulses as well. Moreover, a more precise optimization
of spatial and temporal overlap is achieved by maximizing the x-ray output
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Figure 4.5:7 Angular_ profiles of (a )7the HHGIS ed, (b)sthe Ni-like Kr ASE
soft-x-ray laser at-32. B:nm, and (c) the seeded soft-ray-laset."The insets in
(a), (b), and () are the’CCH zawgimages of thie HHG seed, the Ni-like Kr
ASE soft-x-ray laserat 321 8 nmy; and the seeded soft “X-ray laser, respectively.
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measured by using a flat-field speetrometer; which can be used to characterize
the gain duration and transverse gain region. The results will be addressed
in the following section.

4.5 Characterization of the Seeded Soft X-Ray Laser

4.5.1 Spectrum and Angular Profile

Figure 4.5 shows the angular profiles of the HHG seed, the ASE soft-x-ray
laser, and the seeded soft-x-ray laser. With seeding the divergence of the
soft-x-ray laser is greatly reduced from 4.5 mrad to 1.1 mrad in FWHM,
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photon number / nm (arb. units)

Figure 4.6: X-ray spectra of (a) the HHG seed, (b) the Ni-like Kr ASE
soft-x-ray laser at 32.8-nm, and (c) the seeded soft-x-ray laser.
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which is about the same as that of the HHG seed. The pointing and angular
profile of the seeded soft-x-ray laser follow that of the HHG seed and the
fluctuation is negligible (=~ 0.13 mrad). In contrast, the angular profile of
the ASE soft-x-ray laser has a much larger fluctuation. The direction of
peak intensity changes from shot to shot within the 4.5-mrad divergence
angle. These indicate that the output of the soft-x-ray laser is dominated
by the amplification of the HHG seed. Since the ASE has a roughly flat-
top distribution extending from —2.5 mrad to +2.5 mrad and the HHG is
mostly distributed from —2 mrad to +2 mrad, the intensity of the seeded
soft-x-ray laser at +(—)2.5 mrad can be used to obtain an upper limit of the
contribution from residual ASE in the output of the seeded soft-x-ray laser.
The residual ASE contribution 8 lé§s than '1!0_%. Figure 4.6 shows the spectra
for the HHG seed, the ASE soft-X-ray-laser, and the.seeded soft-x-ray laser.
The photon numberstor thedHHG seed, ASEgand.seeded soft-x-ray lasers
are 1 x 107, .x 10!, and 1 x 10!}, respectively. The amplification factor is
defined as (Ssecded 7SAGE) /[ Sseed; Where Syeeded, Sask, and Seeea are the photon
numbers of the seeded soft-xray laser, the residual ASE'upon seeding, and
the HHG seed, respectively. Sinee, 1;;13_ residiial ASE contribution is less than
10%, the amplification factor can bg.ébtaii;e approximately as Sseeded/ Sseed
which is about 10*} \The abs lutépﬁ‘mfn mber of the seeded soft-x-ray
laser is about the same.as that of the AS sbft—x—ray laser. The energy
fluctuation-of the-sceded soft-k-ray lager is about 10%, which is dominated
by that of the soft-x-ray amplifier 53" The|increase in the output of the
32.8-nm lasing line“ipon seéeding observed 1 Eig. 4.6:185imply a result of
the reduction of baam divellgeince which changesthe colléction efficiency of
the spectrometer grating 1 the'dispersion” planei:Iiy contrast, the photon
number and beam divergence for'the additignal lasing line'at 33.5 nm do not
change with seeding, because the wavélength does not match with the HHG.
This indicates that the waveguide-based ASE soft-x-ray laser already reaches
the strongly saturated regime, in which the energy stored in the population
inversion for most part of the length of the amplifier are efficiently extracted
to the laser output even with only the spontaneous emission, so that the
photon number cannot be significantly increased upon seeding. According to
the measured parameters and assuming a pulse duration which is limited by
bandwidth (AX/A = 107%), the peak spectral brightness can be estimated to
be 3.3 x 10?° photons/sec/mm?/mrad? in 0.01% bandwidth. With seeding
the peak spectral brightness is 500 times higher than the ASE soft x-ray
laser.

For comparison, the same experiment with a soft-x-ray amplifier without
waveguide is also carried out. In this experiment, we use a 5-mm slit nozzle
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Figure 4.7: Angular profiles of (a)"{the "ASE soft-x-ray laser, and (b) the
seeded soft-x-ray laser in the case of without waveguide.
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rather than the 1-cm slit nozzle. This is because when there is no plasma
waveguide maximum output was obtained with the 5-mm slit nozzle. For the
1-cm slit nozzle, ionization-induced refraction of the pump pulse occurs at
the back end of the gas jet, which results in strong re-absorption because of
insufficient pumping. The atom density and the focal position of the pump
pulse is optimized for maximizing x-ray output [41, 42, 74]. The optimal atom
density and focal position are 1 x 10*® cm™ and 1750 um after the entrance
of the cluster jet, respectively. The pump pulse energy is 290 mJ. Figure 4.7
shows the angular profiles of the ASE soft-x-ray laser, and the seeded soft-
x-ray laser in the case of without waveguide. . Similarly, with seeding the
divergence of the soft-x=tray laser 15 greatly reduced to 1.1 mrad in FWHM,
which is about the/Same as that. of the HHG seed. The photon numbers
for ASE and seeded soft-x-ray lasers-are 6% 108 angd 2 10°, respectively.
The 3-fold increase in [photen number upon Seedlr}g shows that the non-
waveguide-based amplifiet is not fully saturated. The HHG seed is amplified
by a factor of 200 This is much lower than that of the Wavegmde based
amplifier. ' f N ‘ -

> | |
I,,:

4.5.2 Measurementi f Pola 1zatliotn State

The seeded soft x—ray_laser 1s further characterized by using a soft x-ray
polarization analyzer..The analyzer consists of two'multilayer soft x-ray mir-
rors mounted on a motorized rotation Stage: The mirror reflectivity is highly
polarization dependent. The doubly reflected signal is collected by a micro-
channel-plate detector located after the analyzer. The experimental setup
for polarization measurement is illustrated in Fig. 4.8. The extinction ratio
(energy of s-polarized beam /energy of p-polarized beam) of the analyzer is
measured to be better than 19 by using the linearly polarized HHG seed as
the light source, and the results are shown in Fig. 4.9. During the polar-
ization measurement, the angle of the polarization analyzer is varied by the
motorized rotation stage. Figure 4.10(a) and (c) show the intensities of the
HHG seed and the seeded soft x-ray laser as functions of analyzer angle for
both p-polarized and s-polarized HHG seed. Figure 4.9(b) shows the inten-
sity of the ASE soft x-ray laser as a function of analyzer angle. As expected,
the polarization of the seeded soft x-ray laser follows that of the HHG seed,
and the ASE soft x-ray laser is unpolarized.
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Figure 4.9: Intensity of the HHG seed as a function of half-wave plate angle.
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Figure 4.10: (a) Intensity of the HHG seed as a function of analyzer angle.
(b) Intensity of the ASE soft x-ray laser as a function of analyzer angle. (c)
Intensity of the seeded soft x-ray laser as a function of analyzer angle.
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4.5.3 Measurement of Gain Duration

Figure 4.11 shows the angular profiles of the seeded soft-x-ray laser for var-
ious time delays between the HHG seed and the amplifier pump pulse, and
the inset shows that of the integrated soft-x-ray signal. This provides a mea-
surement of the gain evolution of the soft-x-ray amplifier [96]. High gain
can be obtained with a delay between 1 ps and 4 ps and the maximum is
at 2.0 ps. In the seeded soft-x-ray amplifier without waveguide, high gain
occurs for a delay between 2 ps and. 7.ps and the maximum is at 3 ps, as
shown in Fig. 4.12. That is, with the plasma waveguide the gain rises and
falls faster. This indicates thatithe electron-ion collisional rate is higher
for the waveguide-based soft-x-ray- amplifier, ‘which is a result of the much
higher on-axis electronydensity ebserved with interfefometry. [53] and possi-
bly higher electron tempesature, leading to faster Gellisional excitation rate
and over-ionization rate:

) Fall
4.5.4 Measurement ctf 'I_Elzlsiierpe Gain Region
ol
Optimization of spatial ovelila between the FHHG seed and the waveguide-
based amplifier-is-erucial for e tract‘i)\ghpaxinhu{m energy from the amplifier.
For this, the focusing conz&v mirrer-for the HHG seed is ‘mounted on a
three-axis motorized translation stage. Figure 4&13 shows.the angular profile
in the horizontal platie for v!xri;ous horizenal positions of the HHG seed focus
with respect to the longitudinalaxis of the amplifier, When the seed axis
and the amplifier axis are*overlapped optimally; the intensity of the amplified
seed reaches the maximum and*the b8am divergence shrinks to that of the
HHG seed. If the HHG seed is shifted away from the position of optimal
overlap, the peak intensity goes down and the beam divergence increases.
This measurement shows that the transverse size of the amplifier is about 36
pm FWHM, as shown in Fig. 4.14. When the HHG seed does not overlap with
the amplifier, the ASE lasing dominates the output. The dependence on the
vertical shift shows roughly the same result, as shown in Fig. 4.15. Figure 4.16
shows the intensity of the amplified seed as a function of the longitudinal
position of the seed focus. The maximum amplification is obtained when the
focus of the HHG seed is placed at 2 mm behind the entrance of the plasma
waveguide. Under this condition, the beam sizes of the HHG seed at various
longitudinal positions with respect to the waveguide entrance are measured
by using a knife edge mounted on a motorized translation stage. The result is

shown in Fig. 4.17. Under the condition of maximum amplification, the beam
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4.5. CHARACTERIZATION OF THE SEEDED SOFT X-RAY LASER

1 ®m seeded SXRL
1--- ASE SXRL
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Figure 4.11: Angu
delays between the H

that of the soft-x-ray signal inte e "FV- HM of the angular profile
of the HHG seed and over the FWHM of the spectral width of the seeded
soft-x-ray laser. The dashed line indicates that of the ASE soft-x-ray laser.
The error bars indicate the standard deviation over 5 laser shots. The other

parameters are the same as that described for the waveguide-based x-ray
amplifier.
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4.5.5 Measuremént_;of patlal jj]q-pe née

The spatial coherence lengths of the seeded soft x-ray laser and the ASE
soft x-ray laser are measured by Young’s double-slit interferometry, as stated
in Sec. 2.6. The slits are all 15-um wide and are machined by our ultra-
short high-intensity laser. Clearly, the seeded soft x-ray laser has a spatial
coherence length larger than that without seeding when measured at the
same location, but the actual enhancement factor of the coherence length
cannot be determined because the fringe visibilities for large slit separations
are also degraded by the finite pixel size of the x-ray CCD camera in the
current setup. However, the spatial coherence of a laser beam, which affects
its focusability of the laser beam, is determined by the ratio of the spatial
coherence length to the beam diameter at the location of measurement [120].
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4.5. CHARACTERIZATION OF THE SEEDED SOFT X-RAY LASER

(6)}
T

W s

intensity (arb. units)
N

-4 Nee Aoy DS
angle tmrad)

Figure 4.13: Angular profiles ingthe horizental plane for various horizonal
positions of the HHG-seed focus with respect to the longitudinal axis of the
amplifier. The error bars indicate the standard deviation over 5 laser shots.
The other parameters are the same as that described in Sec. 4.2.
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Figure 4.15: Intensity of the amplified seed as a function of vertical position
of the HHG-seed focus. The error bars indicate the standard deviation over 5
laser shots. The other parameters are the same as that described in Sec. 4.2.
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Figure 4.17: Beam size of the HHG seed as a function of longitudinal po-
sition with respect to the waveguide entrance when the HHG-seed focus is
positioned at 2 mm behind the waveguide entrance.
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4.6 Summary RadsrioTr oy (o L

In summary, we report the success of HHG seeding in a waveguide-based
OFI soft-x-ray amplifier. By using HHG as a seed and an ASE soft x-ray
laser as an amplifier, we can generate intense soft x-ray pulses with small
divergence, enhanced spatial coherence, and controlled polarization. With
seeding the spectral brightness is increased 500 times and reaches 3.4 x 10%¢
photons/sec/mm?/mrad? in 0.01% bandwidth. Table 4.1 shows the compar-
ison of our soft x-ray laser with synchrotron radiation in Taiwan. Owing to
the good spatiotemporal quality and high spectral density of the seeded soft
x-ray lasers, the peak spectral brightness is about 11 orders of magnitude
larger than that of synchrotron radiation within 0.01% of the bandwidth,
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4.6. SUMMARY

(ASE) (HHG seeding)

light source NSRRC (Taiwan)
soft x-ray laser  soft x-ray laser

pulse duration 100 ps 5 ps [43] 200 fs

repetition rate 109 10 Hz 10 Hz
wavelength tunable discrete set discrete set
(32.8 nm) (32.8 nm)

average spectral
x 1013 6.6 x 10

brightness
at 32.8 nm

seeded wavegu
constructed by
world.
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i ® ,
¥ i -
hpin wavelength on number
| ping

am ion divergent
target
o is (nm) ulse angle (mrad)
Kr E [121] OFTIf ) 0° 12
(gas cell) seeding | o waveguide) 1.5 1 1
Kr . [53 OFI 32, '._ 4.5
(gas jet) H ing [122] aveguide) #° : 1 1.1
T SE L T N.A. 10
(solid slab) - HHG seeding [102] ‘ 1 x 10! 2.2
Mo ASE [123] 1.4 x 10 10
‘ 8.9 ;
(solid slab HHE seeding [103] 7.2% 10 0.7
Ag ASE GRI E 3.9 8.1 x 10 10
(solid slab) HHG see L pNLA. 0.7
Cd ?E [ G 9 ; |F§~ 0 10
(solid slab) seedin, 4] . 0.66

* Our soft x-ray
T OFT: optical-field
¥ GRIP: grazing-incide

Table 4.2: Compari

asers in the world.
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Chapter 5

Conclusion and Perspective

Jythe rec .nt;-r‘apld_progress in
technology. has opened an e the ultrashort éoherent X-
ray sources. Cansi
sources for researc
much effort is being
able experr"s'e' &-{flﬁ-hi
of this thesm‘

ithout s_aying that
ompactrgaze afford-
th:e'.major objective

using a, 10 TW }_O Hz table- top
laser system. The iﬁrst -ags'binp 1 éﬁ?ﬁ;ﬂg e ha"ﬁcement of OFI
soft x-ray lasing by us-mg a pre%rmed pla waxfegu de&'prepared by using
the axicon 1gn1t0r—heate;.- scheme With a lbpg ure krypton plasma
waveguide, 400-fold enhanceﬁeg# was. d?mogistrh-ted for 32.8 nm Kr®" lasing
with respect to the case without a plasma waveguide, showing the advantages
of plasma waveguide in increasing the gain and the length of an x-ray laser.
An output level of 8 x 10! photons/pulse is reached at an energy conversion
efficiency of 2 x 107%. The peak spectral brightness can be estimated to be
7.9 x 10%® photons/sec/mm?/mrad? in 0.01% bandwidth, higher than that of
synchrotron radiation in Taiwan.

All experlmen_t;'here A

The same guiding technique was further used to achieve various OFI x-ray
lasing: Xe®t lasing at 41.8-nm and Ar®" lasing at 46.9-nm. To have a deep
insight into the characteristics of waveguide-based OFI soft x-ray lasers, the
experimental results in an extensive parameter space are studied. The de-
pendences on heater-pump delay and heater energy show that a higher heater
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energy and a shorter heater-pump delay should be used for changing from
Xe, Kr, to Ar, consistent with the increase in the required pump intensity for
producing the lasing ionization stage. The exponential growth and saturation
with increasing pump energy before over-ionization is observed as expected.
With a plasma waveguide the restriction on the on-axis ion density set by
ionization-induced refraction is removed so that one can obtain a higher gain
coefficient. The dependence of lasing output on pump polarization elliptic-
ity becomes less significant with a plasma waveguide, which can be ascribed
to strong saturation and significant contribution from other heating mecha-
nisms in addition to above-threshold-ionization heating. The enhancement
effect of an optically preformed plasma wayveguide is more dramatic for x-ray
lasing that requires higher pump iLntensity and has a smaller gain coefficient.
With Ar®+ plasmia waveguide, besides-the strong lasing line at 46.9 nm, two
additional lasing lines at 454 nm and 46.5 nmyare observed. The lasing of
these two lines is drivendby the self-photopumping, mechanism. The strong
output of these two'laging lines verifies the high 1on density and high gain of
the optically preformed plasma V\}aiyeguid(?u. With a Kr/Ar mixed-gas plasma
waveguide multi-species parallg;l-x—ém lgging i§ also demonstrated, showing

the versatility of optically pre@ormf‘;fa_s@_a waveguide.

Finally, high harmonic 46 eratio (HHG)F s‘beding in a waveguide-based
OFT soft-x-ray-amplifier w. emonsnéjc_ed. Great reduction in divergence,
controlled polarizationy an(;Ie anced-spatial ¢coherence were achieved in the
seeded soft-x-ray laset. With seeding the peak ﬂpctral brightness is increased
500 times and reaches 3.3 % 1[)2; photoni§/sec/mm?/mrad?svithin 0.01% of the
bandwidth. Such asources¢an provide a much larger x-ray pulse energy and
much narrower bandwidth'thaii-high harmgnie generation, with much lower
cost and much smaller size than. x-ray free electron laser. The integration
of gas-jet-based high-harmenic seed. and gas-jet-based optically-preformed
plasma waveguide amplifier should provide a practical soft x-ray tool for
scientific research.

The seeded soft x-ray laser retains many excellent properties of HHG;
one of them is the polarization state. It is known that linearly polarized
driving lasers produce linearly polarized harmonics. In contrast, a circularly
polarized laser does not produce circularly polarized harmonics, but rather
no harmonics at all. This is because a free electron which is driven by a circu-
larly polarized field does not have a chance to approach and recombine with
its parent ion and thus no emission occurs. However, it has been shown that
circularly polarized harmonics can be generated by using two-color circularly
polarized pump pulses for high harmonic generation [126, 127]. Further-
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more, arbitrarily-polarized high-order harmonics can be generated by two-
color pump pulses with the appropriate elliptical polarizations. With this
change soft-x-ray lasers of arbitrarily polarization can be readily achieved in
the future.

Pursuit of shorter wavelength is a non-stop progress in the development
of x-ray lasers. The H-like nitrogen ion is a proper candidate for the sub-10-
nm soft x-ray lasing [128]. Tt is desirable because of the short wavelength:
2.5 nm and 13.4 nm; one is in the “water window” region and the other is
the common wavelength used for EUV lithography The laser intensity for
the fully ionized nitrogen'is greater 3 x 1019 W/em?, and it can be achieved
with our 100-T'W laser systeni at.the Natlonal Central University. The main
issue is the overheatlng of the eléctrons uiidérsuch a hlgh-lnten81ty laser field.
Although the QFI scheme with'the linearly polarlzed pump laser can provide
very cold elegtrons, the high-intensity laser field may induce other important
heating source forithe eleetrons of the plasma, such'as the-Raman instability.
However, by mixiug fitrogen ‘with, the hydf&gen gas which ¢an provide the
low-temperature ele¢trons m@ prpo%nde alseiutlbn for cooling down the over-
heated plasma [89]) On the o herﬁd fhe| l\t like xenon is anether good
candidate for puishing soft x-ray l 10-nmy region [40, 129], be-
cause it has a much hlghe):lRl nizati stageT ( e*08) than that of Pd-like
xenon ion:-As-suggested in Ref. | mh—hke f lasing will. require a higher
pulse energy or a method of ¢h nnehﬂ'g"& tlght] focused pumping laser beam
over a distance longer, than fits confocal parameter. Corbining our 100-TW
laser system with the-techni 1113 of the.opticall ieformed plasma waveguide,
these two conditions can'be satisfied at the same time:, Therefore, generation
of 9.98 nm Xe?6+ lasmg based on the 100<BW laser system and optically
preformed plasma waveguide is-highly* expected and attainable in the near
future.
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