AD-A168 263 EDUIPHENT FOR SUBPICOSECOMD EXTREHE ULTRRVIOLET
FRCILITV(U) ILLINOIS UNIV AT CHICAGQ CIRCLE DEPT OF
PHYSICS C K RHOGDES ET AL. 85 FEB 86 AFOSR-TR-86- 0281

UNCLASSIFIED RFOSR-84-2289 F/6 20/5 NL




L T T O O T N O AP UL T T U O T TR T T O TV W LY A PO L TLRL AN T I

e

\J .

ey '

oy NATIONAL BUREAU OF €
f i. WGROCOPY RESOLUY  TEST
‘3

Koko

i

s 's).* MLV '7'\“'\- DA NN ST NS el g SR NP 0 PRt R PO
R 3T R g
| X . Lind i

e
::\l'i Yoo Tuahah }r l”“t'\" ! %8t .fu,u iy ifyl W T OO S o."t., e, o




.

i;',’ SECURITY CLE_SIFOCATION OF THIS PAGE
g — —
@_‘,; REPORT DOCUMENTATION PAGE
i ] 1b. RESTRICTIVE MARKINGS
"»“‘! AD—A 1 68 263 o 3. DISTRIBUTION/AVAILABILITY OF REPORT t
’t:|= SR Approved for public release; distribution !}
j:":f ) e s it P VTN G RAUING SCHEDULE T unlimited. Reproduction in whole or in parti
::.1: : -— ‘ is permitted for any purpose of the U.S. Gov{.
"a::! } J4. PERFORMING.ORGANIZATION REPORT NUMBERIS) S. MONITORING ORGANIZATION REPORT NUMBER(S)
- AFOSR-TR- 86-0281
# 4N
:" 6a. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7s. NAME OF MONITORING-ORGANIZATION
{ !‘ A {4 epplicable)
s 3 University of Illinois at cago --- USAF, AFSC
Q
:, 4 6c. ADDRESS (Cily, State and ZIP Code) 70. ADDRESS (City, State and ZIP Code)
Department of Physics Alr Force Office of Scientific Research
) P. O..Box 4348 Building 410, Bolling Air Force Base
¢ is 60680 _Washington, D.C. 20332
x 8a. MAME OF FUNDING/SPONSORING 8b. OFFICE SYmMeoOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
B ﬁa ORGANIZATION (If appliceble)
o — - 2D ¥S Ut T’ APOSR 84-0289
“"" 8c. ADDRESS (City, State and ZIP Code) . 10. SOURCE OF FUNDING NOS.
i...- Air Force Office of Scientific Research PAOGRAM PROJECT TASK WORK UNIT
£ Building 410, Bolling Air Force Base ELEMENT NO. NO. NO. NO.
o Washington, D.C. 20332 / 0=
M 11. TITLE tinclude Security Classification) é / F PZQ/ 7 /4 é‘
‘:: '&-.aipment for Subpicosecond Extreme Ultraviolet Facility"
ROl 12. PE ASONAL AUTHORI(S}
.. Rhodes, Charles K.
K 13s. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., Mo., Day) 15. PAGE COUNT
: rinal/Scientific FROM7/15/84 Tv07/14/85 1986, February, 5 137
‘h 16. 5..PPLEMENTARY NOTATION :
) -
R %)
Y
-7 o COSAT! CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
:‘ fF -0 | croup SuB. GR.
o0y Ultraviolet and x-ray lasers. 4——7»
\
)
;‘:z 19. ABSTRACT (Continue on reverse if necessary and identify by block numbder)
L) -
N -i'l‘he research program underway at the University of Illinoig at Chicago,
I whose main goal is the development of coherent x-ray sources in the kilovolt
;;:‘\ ringe, is described. The new femtosecond source developed under the equip-
|:t ~ent grant provided by the Air Force has been placed in operation. ‘
*.el / ‘
- . / o
, J Lo CTE
P = ' ]
o OTIC rilE COPY Ry, JUN 131988
P ]
'\

s A |

Y  J20 OIGTRIBUTION/AVAILABILITY OF ABSTRACT = 21. ABSTRACT sscumrvw
W UNCiassiFIED/UNLIMITED KX same as rer. O oTic usens [ - - -
]
f . :
b ) 4E OF RESPONSIBLE INDIDVHBUAL 22b. TELEPHONE NUMBER 22c. osnce SYMBOL .
:‘. X / nclude Area Code} ]
b AM 1473, 83 APR ssnon N 73 |lo 8‘
; ",

- - oy SECURITY CLASSIFICATION [+]

N
‘ \— %"- Y '\""'" ‘i’\."'!"!"“_' "n_)’». gr-v o u\\ LS 1\‘.— By . “" .", ' '
,,l o Fon IS .'k \..'-‘!‘ . { ?"x' "[ N: ,.; A .""n 'y.. M R %e e 2 W N ..~ .. s W’t“.m .~ o‘ I,.‘t




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT

NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.

o

-
-»>
-

-




S t

-

-
o,

-
£ )

el

> - -

L T 3 u’w--n-v-.z-v—n-r—-n.u'uu-----u--‘--‘.-1

Department of Physics (WC 273) .
Coliege of Liberal Arts and Sciences

Box 4348, Chicago, IHiinois 60680

(312) 996-3400

FINAL REPORT ~ Grant AFOSR-84-0289 .-

For the Period: 7/15/84 - 7/14/85

| Aecession For
NTIS GRrA&I

i DTI 7°8
i Unars ol 204 0
; Justi o
"—-—" ]
" " ! R R i
EQUIPMENT FOR SUBPICOSECOND EXTREME ULTRAVIOLET FACILITY ! SO —
- Av “cdes
; or )
Tict 1]l
; l
by Charles K. Rhodes, Principal Investigator -~ tﬂ' l\[
Keith Boyer, Co-Investigator TL AN Y S
Ting Shan Luk, Co-Investigator - a
ppro“e'
d
distrib fo"Dubli
ution 1 ef‘ﬂleas.
loiteq,
Prepared for:
Dr. Howard Schlossberg
AFOSR/NP
“y a8 AIR PORCR O
Building 410, Room C219 IR 67 SOTRRRYPYR SEANY |
Bolling Air Force Base g:TICR OF TRAY WIv™17 v nern X (AP3D)
Washington, D.C. 20332 3tactee - - e
WPee s LYY amd 49
Rigtr, .y o MPl12.
MATT ez 7. kv -

Chter, Teelinical Information Division

t

-

St U T e A T T T T O NG C - P LT A LT AT Y AL [
PV S OB ONONE) DA AN Dl o0 v
0N g o ol ’::‘?'\“".":‘..'-"':‘9'0"'b"‘u‘t'\."2“"'!:‘."“':“‘0"h‘..‘ A 0.!.0 ,.l‘, W ~'l‘!'l‘": -‘:‘" My VY 5! + :'l :‘0 ,‘l :.l.b L Y] h

-
-




Dt Ay @'y e B4 &' b ARG AL R AR BoR ab P, E e [} jla™ _¢o¥ S, 7 & S Qul SV SuN Sab & L 5 gaw Had pt g8 T = - J -

e o -

,.gn*,; -

4 =

iy

) >

:‘:4

0 CONTENTS

20:'1

N

W AbSEract .........cceteeonccceassasacossonsssassssessssssnssss 1
M I. Discussion of Research Progress .........ccccevvoeenccccsacess 1
by

‘j II. ConCluSions .....ieveeneceenenesssnnensscessssosssossssssnss 3
B

Wiy (TI. ACKNOW1EGUeMENES ...vuviveorrnnrenccnoarsnncenosennaccnnness &
e IV. RefErencCes .......ceoetestorersannensccanasssannsasnonasonnnss 6
"

rd -

.:‘0 V. APPendiCes . .....eeseeseoecssessssssosasscssassossnsnecsccsnss 1
RO -
13N
;;i::: A. Compendium of Publications 1983 — 1985 .......cvveuveneenenncs B
5 8 p—
£ ¥
’f".,’ B. "Sub-picosecond KrF* Excimer Laser Source" ....... et s e 12
ay
oy C. "Multiphoton Ionization of Atoms" ..........ciiieeeieraneess. 28
4,0}
Wy

:t':;'t D. "Atomic Inner-Shell Excitation Induced by .............¢cs.... 36
L Coherent Motion of Outer-Shell Electrons"
":“ﬁ'
‘: E. "A Theoretical Model of Inner-Shell ............cc00ieus.s. el 41
Uy Excitation by Outer-Shell Electrons"

0‘ ,“

iy

':g-':: F. "Anomalous Collision-Free Multiple Ionization ................ 57

. of Atoms with Intense Picosecond Ultraviolet

s Radiation” -
_;#:.;i
3'::: G. "Collision-Free Multiple Photon Ionization of ......... veetss.. 62
{:;o: Atoms ané Molecules at 193 nm"
2%

tg.!
wh H. "Rare Gas Flectron Energy Spectra Produced ............c000uen 74
N By Collisicn-Free Multiquantum Processes"

j) ¢
R
al‘;'

‘l"

’o‘.‘u

ni‘!l

.|‘t ]
:I'?
" ;
o
N

PR - - -

.‘" —_
"“’t -
AL
":’:Q:Ll

45 AT VR Yy (0 (8, 470 00y W7y 4%y 400 0Ty Py o 1 g (8o g i)Y Vo T v Y L~
RN SO s A S N A D TN IR A I N i T |!.,‘ti,: SO SINIET AN

R M T4 € LT e
-2 oy it 0.\2&. ;

2 UL )



3" 0 .' Ny Ve 0T 0Ty Oy
— s
SR A, T TSN AN O R X T it

TR

ABSTRACT

The r=zearch program underway at the University of Illinois at Chicago,
whose main jyoal is the development of coherent x-ray sources in the kilovolt
range, is d-scribed. The new femtosecond source developed under the equip-

ment graiit nrovided by the Air Force has been placed in operation.
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I. Discussion of Research Progress

A basic and long-standing problem in the field of coherent sources is
that associated with the generation of coherent energy in the extreme ultra-
violet and soft x-ray regions. During the last three years, picosecond rare
gas halogen (RGH) excimer laser technology, on account of the very favorable
scaling relationships governing the spectral brightness of these sources, has
emerged as a key factor in new techniques useful for generation of coherent
radiation beloﬁ 100 nm. In the program discussed in this report, which has
explored the research topics listed in Appendix A, the operation of RGH sys-
tems has been extended down into the femtosecond region, a development-—that
will enable sources with peak powers P in the 1TW < P < 10TW range to be used
in physical studies. Light sources of this kind should permit the gerneration
of focal intensities above ~ 1020 W cm2. Appendix B details the properties
of the femtosecond KrF* (248 nm) source provided for under this grant.

Recent research findingsl lead to the conclusion that the direct multi-
photon excitation of appropriate amplifying media with high spectral bright-
ness ultraviolet sources is the most promising choice for the generation of
short wavelength radiation in the kilovolt range. In addition to satisfying
the demanding energy density requirements generally called for to create
amplification in the x-ray range, this method of excitation utilizes the
coherence obtainable from RGH sources to enhance the coupling strength and
provide selectivity in the energy flow2:3, No alternative method under study
has this feature. The application of this technique to the =x-ray region
requires an extended study of the basic character of high order nonlinear

processes in the ultraviolet in an intensity range corresponding to radiating .
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field strengths E greater than an atomic unit (e a ). This class of physical

»~chanisms, which, under appropriate conditions, appears to involve

‘;' . - -lered electronic motions in the atom, has been recently shown to exhibit
E:\: U:‘-prising characteristics. These features suggest that entirely new
A nproaches for the efficient production of x-rays are feasible.

3' Our work involves a program of activities, involving both experimental

:S ind theoretical components, to explore the physical pr:cesses relevant to

ie basic question of coherent x-ray production. This includes measurements

" ions%/5, electrons®, and photons in addition to a theoretical effort con- -

::: ~nitrating on the character of high order multiguantum coupling in the inten-
<y regime above 1017 W cm2. In addition, attention is given to closely rel-
jt( ated issues involving the spectroscopy of multiply excited atomic states and
\; *..e properties of electron collisions. Detailed discussions on the relevant
. t:chnical issues are contained in Appendices C - H.

3 We believe that the results of these basic measurements will provide

: important information on the properties of inner-shell systems useful for
= *..7h energy x-ray production. A three-year program of research is envisaged,
:.:% - > principal goal of which is the development of an x-ray laser in the kilo-

h vz1lt range. If the program of studies described in this document is success-

A

and develops along the expected lines, the feasibility of laboratory

; zcale coherent sources in the x-ray range will be established and a demons-
N
b} * ration model will have been constructed and placed in operation. It is also

anticipated that such a device will prove to be compact, rugged, and moderate

! in cost.
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:?";: IXI. Conclusions B

r.-perimental results obtained over the last several years demonstrate
thza: Lright tunabl: coherent radiation in the 10 nm to 100 nm spectral range
can b~ generated with the use of high spectral brightness (RGH) laser sys-
tems. Strong evidence, consisting primarily of the known scaling properties
of 7.”7 systems, the discovery of anomalous nonlinear radiative coupling to
cz:r .. .. heavy materials, and the availability of an atomic mechanism for
st .- -:.ve inner-shelil excitation, supports the conclusion that these results
ca~ - extended to the kilovolt spectral region. Elementary considerations
led t> the conclusion several years ago that peak powers in excess of 1012 W
can be generated withh relatively modest scale RGH systems of special high
brightness design. The presently available femtosecond pulse technology,
which is clearly applicable to the ultraviolet region, rigorously underlines
this ~iew and appear . to make peak powers near 10 TW feasible. With instru-
ment:ion of that kind, a program of basic physic;al studies can be performed
ints =1 intensity ra.je exceeding 1020 ¥ cm2. At such an intensity, the peak
elc.-ric field oif -ne coherent driving wave approaches the unprecedented
vaine of ~ 100 e/a?;. In such an extreme environment, which is impossible to
g=r:ate by any other known means, it is likely that physical processes never
pr - .~usly observed will be detected.

ALt energy densities of the scale stated above, an atom experiences a
vi>s! .t perturbationr that has important features in common with certain well
st ¢’ .d collisiona! phenomena such as ion-atom collisions,?/8 electron-ion
cc:l . -ions, and beam-foil interactions. Indeed, in the case of beam-foil

';;4'2.: collisions, a radi.iive environment at an intensity of 3 x 1018 W cm? at an
:i:E:' u!traviolet wavelength approximates, in several impprtant respects, the
RR
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conditions associated with the passage of an argon ion through a carbon roil

wit: . kinetic energy of -~ 1 GeV. This rough similarity leads to the consi-

der.iion of the concépt9 of an "optical solid" in which stationary atoms in a
suf i iontly intense radiative field will experience an interaction compar-
abl: > that of energetic ions traversing solid matter. A natural expecta-
tion . an extreme level of excitation. In addition, the coherence ;Of the
raci .- environment is expected to introduce a measure of control on the
en:+ - transfer that will markedly increase the efficiency of energy fiow
over .. .L normally characteristic of incoherent means of excitation.

.. work outlined in this report has as its goal the development of an

X-r ! oser in the kilovolt range. If this program is successful, the feasi-
bili - ot laboratory scale coherent sources in the x-ray range will be esta-
blii.+i.  Furthermore, in this event, we believe that the concepts we are
exp! .. have the clear potential of being engineered into compact and

rugc -t davices. This achievement will, perforce, serve an immense range of

app!i tions involving the micro-characterization of condensed matter, and
may i~ - influential in our future understanding of the natural world as the
dis« - v of the lisht microscope was in its day three hundred years ago.

N

R

A ST I :1




TOW PO Tt ONpwWDEITR Y = - ——r acdh oAty e A= b Rl A Sl Al A s sk doautat ot g

i, >
ﬁ" III. Acknowledgements

fon * The author wishes to acknowledge fruitful discussions with
213:' U. Johann, A. P. Schwarzenbach, I. A. McIntyre, A. McPherson, H. Jara, K.
;: ' Boyer, and A. Szoke as well as the technical assistance of R. Slagle, J.

Wright, T. Pack, and R. Bernico.

%]

C A XX ]
RN,
Ls L

T
_"-u,r'&..ﬁ
+

¥
s

! e
-
> ?‘I

‘t‘;‘v'.'v g
AR .

AR R &4

o it " e ol ? -
e ol
SRl LR AN ? i

A G
!

td
-
[

T

f

'f%

-
-

}
=
g,

wr .ﬂ ..... LR ST ST LN e TR e O WO NPRNL Y
'JH’ A p A ; i .( p,h- -,-_( B > LR ORI
« b hn,A‘,,A ,;.AE.A |.t A Yttt O g s gl 'A‘ AT K .M?n. f:'.‘h:l, e .\,-:W.‘\. ChS



- -

-
el

-
-

SAfirr

4w
- t'b_

- el X

ey

g
>
Pl

-
‘-

“EEwY

- s
o -« w Figh bl 3

e

" SOOI

ENTRIA)

3

*

References

C. K. Rhodes, Science 229, 1345 (1985).
K. Boyer and C. K. Rhodes, Phys. Rev. Lett. 54, 1490 (1985).

A. Széke and C. K. Rhodes, "A Theoretical Model of Inner-Shell Excitation
By Outer-Shell Electrons," Phys. Rev. Lett., in press.

T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger, and C. K. Rhodes,
Phys. Rev. Lett., 51, 110 (1983).

T. S. Luk, U. Johann, H. Egger, H. Pummer, and C. K. Rhodes, Phys. Rev.
A32,214 (1985).

U. Johann, T. S. Luk, H. Egger, and C. K. Rhodes, "Rare Gas Electron
Energy Spectra Produced By Collision-Free Multiguantum Processes,"
submitted to Phys. Rev. A.

C. K. Rhodes, Fundamentals of Laser Interactions, Lecture Notes in
Physics No. 229, edited by F. Ehlotzky (Springer-Verlag, Berlin, 1985)
p. 111.

U. Johann, T. S. Luk, and C. XK. Rhodes, "Multiphoton Inner-Shell Atomic
Excitation and Multiple Ionization," XIVth International Conference
on the Physics of Electronic and Atomic Collisions, edited by D. C.
Lorents, W. E. Meyerhof, and J. R. Peterson, (North-Eolland,
Amsterdam, in press).

C. K. Rhodes, in Report on VUV and X-Rav Sources of Atomic and Molecular
Sciences Workshop, (National Academy Press, Washington, D.C., in
press).

s A% ' : r e e \T LT IF AT RS P‘)) " -Ff-.-
. .-.‘f-«':cl. S e S TAEA] D s AR L "* """'f“f‘ W RN

A!'DQ..A

L ]




't- l’l.‘.“}.‘l.."‘;‘" _)

>
Py e ¢
i3

L%

4

£
-

LA

X

SN

W .
AT ARRNLT LN

—
PR |
M-Sy

ey

3

)

b

!

E“ ." '.l o Al *-
) .o 'y 4 .l‘n

€W * at ()
.-5 '4 .! .e“'»'la

V. Appendices

R

Tl L Y A R T W T W T -
A A Ay S .‘}\ .,,-_?.(‘

T
s

-

-
e Y

- -, . -
\\"-"\.-\‘ ._’.; O
- - » \



e

S e e
pE xS .

-~ 8 -

-ndix A: Compendium of Publications : 1983 -~ 1985

“"Generation of Extreme Ultraviolet Radiation at 79 nm by Sum Frequency
Mixing," T. Srinivasan, H. Egger, H. Pummer, and C. K. Rhodes, IEEE
J. Quantum Electron. QE-19, 1270 (1983).

"Progress in Dye and Excimer Laser Sources for Remote Sensing,"
T. Srinivasan, H. Egger, T. S. Luk, H. Pummer, and C. K. Rhodes, in
Laser and Optical Remote Sensing, edited by D. Killinger and A.
Mooradian (Springer-Verlag, Berlin, 1983) p. 269.

"Multiphoton Dissociation of OCCl, at 193 nm: Formation of
Electronically Excited Cl,," M. W. Wilson, M. Rothschild, and
C. K. Rhodes, J. Chem. Phys. 78, 3779 (1983).

"Evidence for Laser Induced Surface Silanol Formation,"D. F. Muller,
M. Rothschild, and C. K. Rhodes, in Materials Research Society
Symposium Proceedings Volume 17 (Elsevier, New York, 1983) p. 135.

"Generation of Vacuum Ultraviolet and Extreme Ultraviolet Radiation by
Nonlinear Processes with Excimer Lasers,"” C. K. Rhodes, in Laser
Interaction and Related Plasma Phenomena, Vol. 6, edited by H. Hora
and G. H. Miley (Plenum, New York, 1984) p. 87.

"High-Power VUV Stimulated Emission from Two-Photon Excited H,," H.
Pummer, H. Egger, T. S. Luk, T. Srinivasan, and C. K. Rhodes, in

AIP Conference Proceedings, Vol. 100, Excimer Lasers - 1983, edited
by H. Egger, H. Pummer, and C. K. Rhodes (American Institute of
Physics, New York, 1983) p. 151.

"Generation of Electronically Excited Products in the Multiphoton
Dissociation of Phosgene at 193 nm," M. W. Wilson, M. Rothschild, and
C. K. Rhodes, in AIP Conference Proceedings, Vol. 100, Excimer Lasers
- 1983, edited by H. Egger, H. Pummer, and C. K. Rhodes (American
Institute of Physics, New York, 1983) p. 317.

"Collision-Free Generation of Highly Ionized Atomic Species with 193 nm
Radiation," T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger, and

C. XK. Rhodes, in AIP Conference Proceedings, Vol. 100, Excimer Lasers

~ 1983, edited by H. Egger, H. Pummer, and C. K. Rhodes (American
Institute of Physics, New York, 1983) p. 341.

"Vacuum Ultraviolet Stimulated Emission from Two-Photon Excited
Molecular Hydrogen," H. Pummer, H. Egger, T. S. Luk, T. Srinivasan,
and C. K. Rhodes, Phys. Rev. A28, 795 (1983).

"Anomalous Collision-Free Multiple Ionization of Atoms with Intense
Picosecond Ultraviolet Radiatgon," T. S. Luk, H. Pummer, K. Boyer,

M. Shahidi, H. Egger, and C. K- Rhodes, Phys. Rev. Lett. 51, 110
(1983). _

"Ultréviolet and X-Ray Lasers,”" H. Egger and C. K. Rhodes, in the 1984
Mcgraw-Hill Yearbook of Science and Technoloqy (McGraw-Hill, New

York;=1983) p. 245.

\‘\‘\. },
»‘..A\L'_.'L



12.

13.

14.

14.

i8.

21.

22.

23.

L - e -

"Stimulated Vacuum Ultraviolet Emission Félloﬁin_g Two-Photon Excitation

-of He,"” H. Egger, T. S. Luk, H. Pummer, T. Srinivasan, and C. K.

Rhodes, in Laser Spectroscopy VI, Proc. 6th Intl. Conf., edited by
H. P. Weber and W. Luthy (Springer-Verlag, Berlin, 1983) p. 403.

"Collisionless Multiquantum Ionization of Atomic Species with 193 nm
Radiation,” T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger, and
C. K. Rhodes, in Laser Spectroscopy VI, Proc. 6th Intl. Conf.,

edited by H. P. Weber and W. Liithy (Springer-Verlag, Berlin, 1983)

p. 369.

"Stimulated Extreme Ultraviolet Emission at 93 nm in Krypton," T.
Srinivasan, H. Egger, T. S. Luk, H. Pummer, and C. K. Rhodes, in
Laser Spectroscopy VI, Proc. 6th Intl. Conf., edited by H. P. Weber
and W. Lithy (Springer-Verlag, Berlin, 1983) p. 385.

"Vacuum Ultraviolet and Extreme Ultraviolet Generation with Excimer
Lasers," C. K. Rhodes in Abstract Volume, Laser 83 Opto-Elektronik
(6th International Congress, Munich, 1983) p. 114.

"Dye, Vacuum Ultraviolet, and Extreme Ultraviolet Lasers," C. K. Rhodes,
Kodak Laboratory Chemicals Bulletin, 54, 1 (1983).

"Progress in Short Wavelength Sources," C. K. Rhodes, Laser Focus
(Pennwell Publishing Co., Massachusetts, October 1983) p. 16.

"The Influence of the Optical ﬁtark Shift on the Two-Photon Excitation
of the Molecular Hydrogen E,F 2‘& State," T. Srinivasan, H. Egger,

T. S. Luk, H. Pummer, and C. K. Rhodes, IEEE J. Quantum Electron.
QE-19, 1874 (1983).

"Optical Properties of Rare Gas Fluoride Dimers and Trimers Dissolved in
Liquid Rare Gases," H. Jara, H. Pummer, H. Egger, and C. K. Rhodes,
Phys. Rev. B30, 1 (1984). N

"Interaction of Atomic and Molecular Systems with High Intensity Ultra-
violet Radiation," K. Boyer, H. Egger, T. S. Luk, H. Pummer, and
C. K. Rhodes, J. Opt. Soc. Am. Bl, 3 (1984).

"Vacuum Ultraviolet and Extreme Ultraviolet Generation with Excimer
Lasers," C. K. Rhodes in Physics News in 1983, edited by Philip F.
Schewe (American Institute of Physics, New York, 1983) p. 121.

"Collision-Free Multiple Ionization of Atoms and XUV Stimulated Emission
in Krypton at 193 nm," H. Egger, T. S. Luk, W. Milller, H. Pummer, and

C. K. Rhodes, AIP Conference Proceedings Subseries on Cptical Science
and Engineering, Laser Techniques in the Extreme Ultraviolet

(American Institute of Physics, New York, 1984) p. 64.

"High-Spectral-Brightness Excimer Systems,” H. Pummer, H. Egger, and
C. K. Rhodes, Topics in Applied Physics: Excimer Lasers, Vol. 30,
Second Enlarged Edition, C. K. Rhodes, editor (Springer-Verlag,
Berlin, 1984) p. 217.

B N PO T Lt S )
et o A Pt R

o, T e YW, a1 4




]

-

e o

(\’&‘x

' al”an" ei " wt i a4

e

24.

25.

28.

29.

30.

31.

32.

33.

34.

35.

- YT PETCRT TNy T TMIVERP TRy v BT SAY IS T GRF LN | WEL TP L Yy U TR DRI e v

- 10 -

“Applications of Excimer Systems," K. Hohla, H. Pummer, and €. K..Rhodes,
Topics in Applied Physics: Excimer Lasers, Vol. 30, Second Enlarged
Edition, C. K. Rhodes, editor (Springer-Verlag, Berlin, 1984) p. 229.

"Multiphoton Ionization and Short Wavelength Stimulated Emission Using
Excimer Lasers,”" H. Egger, K. Boyer, T. S. Luk, W. Miller, H. Pummer,
and C. K. Rhodes, SPIE Vol. 476, Excimer Lasers, Their Applications,
and New Frontiers in Lasers (Society of Photo-Optical Instrumentation
Engineers, Bellingham, Washington, 1984) p. 52.

"Stimulated VUV Radiation from HD Excited by a Picosecond ArF Laser,"
T. S. Luk, H. Egger, W. Miller, H. Pummer, and C. K. Rhodes,

Ultrafast Phenomena IV, D. H. Auston and K. B. Eisenthal, editors
{Springer-Verlag, Berlin, 1984) p. 42.

"Studies of Collision-Free Nonlinear Processes in the Ultraviolet
Range," C. K. Rhodes, in Proceedings of the Third International
Conference on Multiphoton Processes, P. Lambropoulos and S. J. Smith,
editors (Springer-Verlag, Berlin, 1984) p. 31.

"The Generation of Radiation in the Extreme Ultraviolet and Soft X-Ray
Range with Excimer Lasers,” C. K. Rhodes, in Energy Technology XI,
Richard F. Hill, editor (Government Institutes, Inc., Rockville,
Maryland, 1984) p. 1459.

"Lasers in the Vacuum Ultraviolet and X-Ray Region," C. K. Rhodes,
invited presentation at the Workshop on Vacuum Ultraviolet and

X-Ray Sources held by the Committee on Atomic and Molecular Sciences
at the National Academy of Sciences, Washington, D.C., November 9,
1984 (to be published).

"The Observation of Stimulated Emission in the 119 nm to 149 nm Range
from HD Excited by picosecond 193 nm Radiation," T. S. Luk, H. Egger,
W. Miiller, H. Pummer, and C. K. Rhodes, J. Chem. Phys. 82, 4479

(1985).

Excimer Lasers, 2nd Enlarged Edition, C. K. Rhodes, editor (Springer-
Verlag, Berlin, 1984) pp. 1-271.

"Atomic Inner-Shell Excitation Induced by Coherent Motion of Outer-Shell
Electrons,” K. Boyer and C. K. Rhodes, Phys. Rev. Lett. 54, 1490
(1985).

"Collision-Free Multiple Photon Ionization of Atoms and Molecules at
193 nm," T. S. Luk, U. Johann, H. Egger, H. Pummer, and C. K. Rhodes,
Phys. Rev. A32, 214 (1985).

"Studies of Multiquantum Processes in Atoms," C. K. Rhodes, in Seminar
on Fundamentals of Laser Interactions, invited presentation, February
24 - March 2, 1985, Bundessportheim, Obergurgl (Otztal), Austria
{Springer-Verlag, Berlin, 1985} p. 111.

"Multiphoton Ionization of Atoms," C. K. Rhodes, Science 229, 1345 -
(1985} .- ’




—r R R N T TN T T YU N T P rov vy vorvoY

]

N -11 -

— z3. "Generation of VUV Radiation with Lasers," C. K. Rhodes, in Resonance
Ionization Spectroscopy 1984, edited by G. S. Hurst and M. G. Payne
(The Institute of Physics, Bristol and Boston, 1984) p. 333.

"Properties of Stimulated Emission Below 100 nm in Krypton," T.
Srinivasan, W. Miiller, M. Shahidi, T. S. Luk, H. Egger, H. Pummer, and !
C. K. Rhode:s, J. Opt. Soc. Am. B, to be published. ]

"Optically ~xcited XeF Excimer Laser in Liquid Argon," M. Shahidi,
H. Jara, H. L>ummer, H. Egger, and C. K. Rhodes, Opt. Lett. 10, 448
(1985).

"Laser Excitation of Atomic Inner-Shells by Coherent Processes with 1
Implicatio:.:: for X-Ray Lasers," K. Boyer and C. K. Rhodes, Southwest ‘
Conferenc.: - Optics, Vol. 540, Robin S. McDowell, editor (SPIE,
1985).

"A Theoretiral Model of Inner-Shell Excitation by Outer-Shell
Electrons,” A. Sz8ke and C. K. Rhodes, Phys. Rev. Lett., in press.

"High Order Nonlinear Processes in the Ultraviolet," T. S. Luk, U.
Johann, H. Egger, K. Boyer, and C. K. Rhodes, in Laser Spectroscopy
VII, edited by T. W. Hansch and T. R. Shen (Springer-Verlag, Berlin,
in press).

"Cryogenic XeF Excimer Laser," M. Shahidi, H. Jara, H. Pummer, H. Egger,
and C. K. Rhodes, in Conference on Lasers and Electro-Optics '85,

May 21-24, 1985, Baltimore, Maryland, ThZZ6-1 (Post—-deadline Paper
Supplemen*®).

"Ultraviol~t Excitation of Cryogenic Rare~Gas Chlorine Solutions,"
H. Jara, M. Shahidi, H. Pummer, H. Egger, and C. K. Rhodes, in
Conferenc:: nn Lasers and Electro-Optics '85, May 21-24, 1985,
Baltimor«, Maryland, p. 154.

.t. "Evidence for Atomic Inner-Shell Excitation in Xenon from Electron
Spectra Produced by Collision-Free Multiphoton Processes at 193 nm,"
U. Johann, T. S. Luk, H. Egger, E. Pumme*', and C. X. Rhodes, in

Baltlmore Maryland p. 152

"Multiphot«~n Inner-Shell Atomic Excitation and Multiple Ionization,"
U. Johann, 7. S. Luk, and C. K. Rhodes, XIVth International
Conference on _the Physics of Electronic and Atomic Collisions,
edited by D. C. Lorents, W. E. Meyerhof, and J. R. Peterson,
(North-Holland, Amsterdam, in press).

7%, . "Multiphoton Ionization in Ultrahigh Optical Fields: A Statistical
Description,"” H. Egger, U. Johann, T. S. Luk, and C. K. Rhodes,
J. Opt. Soc. Am., in press.

a— -

*7. "Rare Ga:': Flectron Energy Spectra Produced by Collision-Free Multi-
quantum Prncesses,” U. Johann, T. S. Luk, H. Egger, and C. K. Rhodes,
submitted . . Phys. Rev. A.

e e



.‘ .'L - hadhadh el Rl gt AR A BoA A A A e e BAa Ala Aoa Aoh Bogd dda Bhe Ada st ab. sl -2k bk gl b aal aal

s

<
.
.
.
vty

*‘ APPENDIX B

Tl
o
-

|

s
‘.-\

L X KX
-

T

0 - )

:;.Q':?'.' TR AT v-" SRR

R e R S S
o . ]
"P-.& “‘s'\‘ N :

Rl Dol Dt Dol Dadt



Rl hac  Bat e Bat hal b Lk g Ak ae by |

2%y ’
e : : -13-

b SUB-PICOSECOND KrF”* E:CIMER LASER SOURCE

s, A. P. Schoarzenbach, T. S. Luk, I. A. McIntyre, U. Johann, A. McPherson,
K. Boyer, and C. K. Rhodes

) . rartment of Physics, University of Illinois at Chicago

D -(,1 P. 0. Box 4348, Chicago, Illinois 60680

Ay ABSTRACT

A KrF* aser system capable of producing 23 + 2 mJ in pulses of 450 +

150 fsec . - <tion (59 + 24 GW) is described. Efficient extraction of the
2 z
'8
s - . .. s s . -2
0,0 stored enevyy in the final amplifier is demonstrated at ~ 10 mJ cm™", thus
N PN L
Pae;
ALY s . K . . . . . . < P
7%1}} ~uowing ti -t nonlinear losses in the amplifying medium up to intensities of
B ‘\r /

- 20 GW cm' 2re not significant.
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;‘3‘ . Considerable interest exists in the development of high power ultravi-
“ y olet (UV) sources for use in areas such as surface science,l the stuf.iy of
E:'a' atomic nonlinear phenomena? and for use in multiphoton pumping bf vacuum
3:%. ultraviolet3 and X-ray lasers. 4 Systems based on rare-gas halide (RGH) exci-
. mer amplifiers have been used in the past to produce high power UV pulses
“'E with picosecond durations (5 - 8). Recent advances in subpicosecond laser
EEE:: technology have now allowed researchers to more fully utilize the broad gain |
s . bandwidth of RGH excimer systems [e.g. ~ 3.4 nm (~ 550 cm"l) in KrF* (9)-_1! in
E ' order to produce high power UV pulses in the subpicogecond regime. A system
i
":::::: based on ampl:'ification in Xec1* at 308 nm was recently reported to have pro-
: duced 10 mJ pulses of ~ 350 fsec duration (10).
:\?‘_ This letter reports the operation of a subpicosecond high power laser
ay system based on KrF* amplifiers which has produced pulses of 23 + 2 mJ and
! -. 450 + 150 fsec duration at 248 nm. The method used to generate the 248 nm
R :" seed pulses is shown schematically in Figure (1). A mode-locked, freguency
P : doubled NAQ:YAG laser (Quantronix 416) operatiﬁg in the cw-mode is used to
;')' : oump synchronously a passively mode-locked dye laser (Coherent 702). The
':.: dye laser uses a 4 X 10"2 M solution of Pyridine 2 in ethvlene gliycol and the
i;_ saturable absorber employed is a 2 x 10'5 M solution of HITCI, also in ethy-

i

#

lene glycol. The dye laser is tuned to 745 nm using a single plate birefrin-

*){ gent filter and is cavity dumped at a rate of 3.8 Miz. A continuous train of
Mo

, ~ 1 psec pulses is produced which has an average power of 40 mW.

:E.’;; These pulses are fed into a fiber-grating compressor which employs a 1
\

nah

:::::: m length of single-mode, polarization-preserving fiver with a 3.2 um core
l'..

bt

l:of" diameter (ITT 1605) and a 600 line mm‘l holographic grating which is double-
-‘f' passed using a prism retroreflector. Approximately 25% of the incident radi-
»

‘19, ation is passed through ;he fiber, and with a grating efficiencyv of —40y

.;js:
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per pass, the averagei power after compression is 1.5 mW. The compressed
pulse shows an autocorrelation FWHM of 380 fsec (Fig. 2), a value correspond-
ing to a duration of 250 fsec if a sech? pulse shape is assumed.

Single pulses are amplified in a two-stage dye amplifier which is
transversely pumped by a frequency-doubled, Q-switched Nd:YAG laser (Quantel
YG 580). The amplifier cells confain a 10‘3 M solution of Oxazine 750 in pro-
pylene carbonate /methanol and a solid saturable absorber (Schott glass
RG850, 1 mm) is placed between the cells to reduce amplified spontaneous
emission (ASE). The amplified 745 nm pulse typically has an energy of around
120 uJ and the pulse length, measured using a noncollinear second harmonic
technique (11,12), is ~ 270 fsec. The ASE content is about 5% of the energy.
The averaged spectrum of 50 shots is shown in Figure (3a) and that of a

sinle shot in Figure (3b). The single shot spectrum is found to vary consid-
erz iy from pulse to pulse, but the pulse length remains between 260 - 290
fsoo, about twice the transform limit. .

The 745 nm radiation is converted to a wagglength suitable for excimer
amprlification by frequencv doubling to 372 nm in KDP and then sum-frequency
mix:ng the fundamental with its second harmonic in.a second KDP crystal.
Both crystals are cut for type I phase matching and an appropriate waveplate
is used to orient the polarizations of the 372 nm and 745 nm beams parallel
to cne another before entering the mixing crystal. The lengths of the cry-
stals were carefully chosen, since they have to meet conflicting require-

ments. In order to match the phase-matched bandwidth of the crystal with

the broad bandwidth of the incident radiation and also to reduce tne effects
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’. of group velocity dispersion (the generated pulse falling behind the generat-
;: ) ing pulses), a short crystal is necessary. On the other hand, long crystal
%:'&: lengths are desired for efficient frequency conversion. The doubling crystal
; used is 3 mm long and the mixing crystal 0.5 mm long. The 745 nm radiation )
E incident on the doubler has an intensity of 10 GW cm2 without focussing which
§ rasiults in a 102 second harmonic generation efficiency. Conversion in the
' wixer is lower, around 5%, so the energy of the 248 nm seed pulse is about
500 nJ. No surface damage on either crystal has been ébserved while working
Eﬁ with this intensity. A
‘li'k The 2 mm diameter 248 nm seed beam is then passed through the first of
% two KrF*amrflifier stages (a Lambda Physik MSC EMG 201 with the mirrors
:‘%"‘ v.-nlaced by Brewster angle CsF, windows) in which the gain is measured to be
t_.' ahout 1000, Howev_er, due to poor beam gquality from the amplifier and dis-
§§§§ t~- lon of the beam profile in the discharge, only about 80 uJ is passed by a
::s‘ =i ial filter consisting of a 1 m focussing lens, a 250 ym pinhole and a 4 m
!

: cc.'iimating lens. The pinhole is placed in a 1 m evacuated tube in order to
:E a. il the possibility of self-phase modulation in the focal region observed
‘E: it (10). However, the signal to ASE contrast after the spatial filter is
;‘ :llent, being > 600:1. Earlier measurements on the distortion introduced
_ 7 the amplifier showed that the focussability of a diffraction limited beam
):é vould be reduced to twice the diffraction limit after passing through the
MG 201 amplifier (Figure 4).
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The expanded bhzam (2 cm x 2 cm) is then passed through a second amplif-

:Lambda Physilk

MG 200) after which 23 + 2 mJ are readily observed in a

short pulse with ug

of the energy mete:

ti. 748 nm seed L.

Thi

.. MG 200 showed.
The linewidth

121, ;:h of the amp..:

o rus-correlation

7+ nm fundamentc

geometry to obta -

212 nm pulse after
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Monitoring .-

23 and Tektroni.-
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r=en in Figurs
<, indicatin‘;
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ie.ing any damage.
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s.ed energy car

- lifiers will ...

the energy cc..irast ratio is better than 5:1.

~>chnique.

. 372 nm) showed a pulse duration of 450 + 150 fsec for the

“he first excimer amplifier.

{"), the ASE is clearly reduced after passage of the seed

\

.- density is ~ 10 mJ ¢cm

short timewu..

“.1at this amlifier introduced no beam distortion.

ve extracted efficientiv from the gain medium,

ies,

-17~

to 27 mJ being detected. An aperture is placed in front
(a Gentec PRJ-M) to pass only the amplified beam. With
1 blocked, this arrangement detects only 3 - 5 mJ ASE.
Previous measurements on
© the amplified pul.—s; is measured to be 5.8 X The pulse
ied 248 nm beam was measured by using a single pulse,
An amplified 248 nm pulse was mixed with its
i1 ~ 270 fsec) in a 1 mm KDP crystal using a noncollinear

the difference frequency. The evaluation of the cross

amplified 248 nm output on a photodiode (Hamamatsu R

7912 AD transient digitizer) allows examination of the

in the presence of the subpicosecond seed pulse. As can
.1t saturation of the second amplifier is takirg place.
-2 and, significantly, the 3rewster
is exposed to an intensity of ~ 15 GW cm‘2 without exper-
This is an important result since it indicates tnat tre
even on
to larger apverture

and therefore scaling upwards

w efficient amplification to terawatt power levels.
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In conclusion, we have demonstrated the operation of a 25 mJ KrF*source

:I o high spectral brightness with a puise duration of 450 + 150 fsec, nomi-
’; nally delivering an optical peak power of ~ 60 GW. The ability to saturate
N the excited KrF* medium has been proved and improvements to the beam peak
‘\3‘ power and focussability are in progress. Even without these improvemeénts
d":- +ha beam has been focussed to ~ 1016 W cm2 and used to yield new results in
"-‘l i»n and electron spectra produced by multiphoton egxcitation of atomic spe-
:.. cies (13).
s
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1
Figure Captions
A2
L)
§<
d
)y *. Schematic showing the dye laser and amplification system used to gener-
')'1
'\‘ ate the seed pulses at 248 nm.
'-',: . sutocorrelation trace after pulse compressiSn. The pulsewidth is
.; deduced from the autocorrelator signal assuming a sech? pulse shape.
"
) 1) Average spectrum of 50 shots of the amplified 745 nm pulse, showing a
ol
X linewidth of 60 &.
-GN
-:: h) Single shot spectrum of an amplified 745 nm pulse. Horizontal scale
Y
"
7 the same as in a).
-:" 4 1) Showing the beam profile of the focus of a diffraction-limited beam on
::: a Reticon after passing through an MSC EMG 201 amplifier without the
4K
A discharge running.
:3' ) Showing the same as a)<but with the amplifier”sv#itched on. Note the
o
‘e
" increased spot size.
' “howing the output from the second amplifier. Note how the ASE is
- ‘educed afte . *he short pulse, showing a depletion of the upper level.
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Y
though several alternative approaches
: are currently being evaluated, over the
) - last few years our work has centered on
o0 the use of high-power ultnvnolet’_ 1 lasers
v to serve as the source of excitation and

W YRR E 1 i i nonlinear radiative processes 1o provide
Mhltiphoton Ionization of Atoms B e ProcEascs Lo Preite

g evaluate whether this idea could work,
¢ o Charles K. Rhodes - we began our study of multiple quantum

w ionization.

D, A simple representation of the overall
: 4 process is illustrated in Fig. 1. Obvious-
ot The iv:70.. - of the laser made possi- s little doubt that major areas of applica- 1y, if Aw, is in the kilovolt range and if
blethe zx. ~  -utal study of the nonlin- tion would include basic materials re- #w represents an ultraviolet quantum,

ear intei ... .. -.{ radiation with matter. search, microelectronics, biology, and, processes with values of N exceeding

And, subs: .:ntly, over the last two indeed, any field that requires structural 100 must occur with appreciable proba-

decades, . ., iderable field of activity
has deve' .« -’ around that basic prob-
lem, whic. - he represented generical-
ly by the pro s

A X - X m
in which N ni.otons lead to the excitation

of a targe. . -»mn or molecule X. For
generality ... excited product X* can
denote =i .« wund or continuum mo-
tions of /. .unstituent particles. This

article wiit <1l with certain recent find-

information of solid matter on an atomic
scale. Since the peak spectral brightness
of an x-ray laser is expected to be on the
order of one trillion times greater than
any alternative means, it would be an
ideal source of radiation for these pur-
poses. At the same time, it is undisputed
that matter, under appropriate condi-
tions, can provide the amplification in
the x-ray range (fw ~ 10° to 10* V)

bility in order for this mechanism to be
useful. Therefore, a single fundamental
question emerges: What are the basic
physical principles that establish the lim-
iton N?

When we began to study this question,
no relevant experimental data on this
matter existed. This was particularly
true for radiative field strengths (E) in
the vicinity of an atomic unit, efa},

Summary. Studies of multiphoton ionization of atoms have revealed several
unexpected characteristics. The confiuence of the experimental evidence leads to the
hypothesis that the basic character of the atomic response invoives highly organized,
coherent motions of entire atomic shells. The important regime, for which the radiative

1l ings conce 1 multiphoton ionization.

.y The conte <~ - ¢nis physical study, how-
ever, relai -~ ¢irectly to another problem
of geners: tir-tamental significance and

- one that has '.d an important influence field strength is greater than an atomic unit (e/a), can be viewed in approximate
~.f on the dirc i ... and purpose of work at  comrespondence with the physics of fast tapproximately 10 MeV per atomic mass unit)
.,;:., the Universiv of lllinois at Chicago. atom-atom scattering. This physical picture provides a basis for the expectation that
:a,l‘. That probie.r. -:ncerns the development  stimulated emission in the x-ray range can be produced by direct, highly nonlinear
.:::. of a laser a1 « ray wavelengths, a long- coupling of ultraviolet radiation 10 atoms.

ot sought goal.

"'_;‘ Historicallv. the initial discussions of

coherent ;7..ration in the x-ray range
(1) and nonlin-ar atomic emission (2) and
absorptin.. ¢ °; il appeared more than 20
years agr .. caotirely independent cir-
cumstan.: - cently, however, these
two area- - inquiry have become
strongly fink.. -, and it now appears that
the achiev:- :ut of the former may de-
pend, at i:>.. .. in one possible representa-
tion, on «:1tain basic properties of the
latter.

The significance of the x-ray laser goal
is ecasily stared. A spectrally bright
source of rwliation in the x-ray region

that is necessary to construct a coberent
source. However, the achievement of
those suitable conditions has proven to
be a formidable task.

The difficulty in generating amplifica-
tion at a quantum energy of | keV is
apparent from the general requirement,
established by basic physical reasoning,
that extraordinarily high specific power
densities, on the order of 10'* W/em® or
greater, be applied in a carefully con-
trolled way (/, 5). How can these neces-
sary conditions best be produced? It is
generally understood (7, 5) that a high

where gy is the smallest Bohr radius.
Extant theoretical work, however, pre-
dicted ridiculously low rates for high-
order processes and, if believed, would
sutomatically lead to the conclusion that
any proposal to utilize a mechanism,
such as that shown in Fig. 1, is prepos-
terous. These carlier theories, however,
were based on rather restrictive assump-
tions concerning the basic nature of the
¢electronic motions governing the nonlin-
car amplitudes. On the other hand, sev-
eral years ago | found it possible to
construct a class of high-order process-

‘would be uns:passed (¢) in its ability 10 effective brightness source of excitation
1 : microvisuau/r condensed matter. There and an appropriate physical coupling

A\ e " o tig Departmment of P v mecbanism are the key requirements for
KRS very of i, o PO, Bon {148, ues.  the successful creation of the conditions
", » anm, for amplification in the x-ray range. Al

27 SEPTEMR. i | %

es, involving certain types of atomic
motions, in which the rates would be
esormously enhanced. Are such motions
possible? 1 now believe that the method
used to calculate those original estimates
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was in many ways incorrect, although
the’ conclusion derived may not be. In
any case, the basic question had been
raised and resolution of the issue could
oily come from experiment.

Experimental Studies

Basically, there are three categories of
fundamental physical measurement,
founded respectively on the spectros-
copy of (i) ions, (ii) electrons, or (iii)
photons, that can be used to unravel the
nature of the physical processes in-
volved in the nonlinear interactions un-
der study. In our work we have used ion
charge--state spectra, photoelectron ens.
ergy spectra, and the properties of scat-
tered radiation. Among these, the mea-
surement of ion charge-state spectra un-
der collision-free conditions provides a
simple, unambiguous experimental test
that gives direct information on the scale
of the energy-transfer rate between the
radiation field and the atom. Therefore,
as a first step, such experiments were
performed. The results of these initial
studies were surprising, for it was from
measurcments (6, 7) of this kind that the
first suggestions of an anomalously
strong coupling for high-order processes
(N ~ 100) were obtained.

The general class of physical process-
es studicd in those experiments examin-
ing ion charge-state spectra (X?*) was

My + X X 4+ ge” )

Some o! the apparatus used in the work
describ.d below is illustrated in Fig. 2,
which shows the 193-nm ultraviolet laser
system, the time-of-flight ion spectrome-
ter, and the time-of-flight electron ana-
lyzer. ~ -ailable uitraviolet laser technol-
ogy makes the performance of such stud-
ies convenient, since extraordinarily
high bnghtness and, therefore, unusually
large focused intensities are possible
with these laser sources. Initially, stud-
ies (6) of the process represented by Eq.
2, a subclass of the general reaction in
Eq. 1, were conducted with 193-nm radi-
ation at an intensity of approximately
10" W/iem?.

Figure 3 illustrates the range of inten-
sity that has been explored over the past
2 years along with a projection of the
experimental regime that should become
available over a comparable period ir. the
future Currently, peak intensities in the
raage of 10" to 10'? W/cm? can be pro-
duced with pulss having a duration of a
few picoseconds at a wavelength of 193
am. At this intensity, the electric field £y
is com; ... able t0 an atomic unit. Further-
more. as shown in Fig. 3, it is believed
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Fig. 1. Simple representation of an atomic

multiquantum process involving the absorp-

tion of N ultraviolet quanta (Aw) to produce
an-eppropriate upper state X* that is inverted
with respect to the population in a lower jevel

X, Since a kilovolt energy scale is assumed

for Aw,, N > 1 and X* and X, will genenally

lie far above the ionization energy of the

neutral atomic ground-state system X.

that technical advances in femtosecond
uitraviolet laser technology should en-
able peak intensities, for coherent ener-
gY, to be produced in the range of 107 to
10*' W/cm?. This would represent a radi-

. ation field amplitude of about 100 E, and,

in terms of energy density, would be
equivalent to that produced by a black-
body with a temperature close to 10keV,
which is an environment characteristic
of thermonuclear sources. Although all
the experiments to date have been con-,
ducted in the range of E< E,, consid-
erable attention in the discussion below
will be given to this interesting and im-
portant regime for which E > E,.

A prominent feature of the studies of
the ion-charge spectra was the unusually
strong nonlinear coupling characteristic
of certain heavy materials (6-9), a fea-
ture that was apparent even at intensities
in the vicinity of 10" W/cm?. These
experiments clearly demonstrated that
standard theoretical techniques were in-
capable, by a discrepancy as great as
several orders of magnitude, of describ-
ing the observed charge-state spectra. A
resemblance was perceived between the
observed ion charge-state spectra and
those known to be characteristic of Au-
ger cascades (7-10). 11 addition, subse-
quent work by us, as well as other stud-
ies (11, 12) conducted at wavelengths of
1.06 and 0.53 jum, confirmed the anoma-
lous nature of the coupling strength.
There was no doubt that the findings of
these experiments were clearly in con-
tradiction to all theoretical treatments, of
which there is a _considerable number

<Y

(13). This unexpected result, of course,

stimulated further studies.

In experiments to determine the role
of atomic structure on the coupling
mechanism, the ionic spectra of several
elements from He (Z = 2) 1o U (Z = 92)
were studied (6-9). A typical ionic spec-
trum for Xe, produced by 193-nm radia-
tion at an intensity of about 10" W/cm?
with pulses of about $ psec in duration, is
illustrated in Fig. 4. The presence of all
charge states up to Xe**, the first five of
which have approximately comparable
abundances, is immediately noted. An
overall summary of the ionic species
registered in the survey of the atomic
number dependence is presented in Fig.
5. Here, the maximum observed energy
transfers are on a scale of several hun-
dred electron volts for certain heavy
materials.

One of the salient features of the data
is the apparent influence of atomic shell
structure (6) on the observed ion spectra.
This dependence is manifested promi-
nently in the behavior of the heavier rare
gases. For Ar, Kr, and Xe, the maximum
charge states observed correspond to the
complete removal of certain outer atom-
ic subshells. Indeed, for these materials
they are the 3p, the 4p, and both the §s
and 5p shells, respectively.

The hint provided by the role of the
shell structure led to the hypothesis that
it was mainly the number of electrons in
the outer subshells that governed the
coupling. A measurement of the re-
sponse of eclements in the lanthanide
region, with the use of a method involv-
ing laser-induced evaporation (/4) to
provide the material, enabled this view

“to be checked. From La (Z = 57) to Yb
(Z = 70) in the lanthanide series, aside
from slight rearrangements (/5) involv-
ing the 5d shelt for Gd (Z = 64), 4f
electrons are being added to interior re-
gions (16) of the atoms. The data illus-
trated in Fig. S for Eu (4/76s%) and Yb
(4/*6s%), which differ by seven 4f elec-
trons, indicate that these inner electrons
play a small role in the direct radiative
coupling, a fact that is in rapport with the
observed dependence on the outer-shell
structure.

The intensity dependence of these ion
spectra was also examined (8, 9). Over
the range of intensities studied (~10"* to
10'” W/cm?), higher intensity generally
translated into an increased yield of ions
of a particular charge, although not nec-
essarily an increase in the maximum
charge state observed. For example, the
ion Xe**, with closed-shell ground-state
(17) configuration 44", was the greatest
charge_state detected at approximately
10'* Wicm? and, although its abundance

_ SCIENCE, VOL. 229
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increasad at about 10'” W/cm?, no Xe**
appeared at thé higher intensity. This
observation has led to the interpretation
that the 3p and Ss electrons in Xe are the
ones that govern the direct coupling of
the atom to the ultraviolet radiation field.

It was also possible to obtain informa-
tion on the frequency dependence of the
zoupling by comparing the results at 193
am (8) with studies performed indepen-
dently at 1.06 and 0.52 pm (/2). This
comparison, which was conducted for an
intensity of about 10 W/cm? for both
Kr and Xe, indicated that the energy
transfer rate was reduced at the longer
wavelengths.

Overall, the ion studies showed (i)
anomalously strong nonlinear coupling
for certain heavy materials, (if) an unmis-
takable signature of atomic shell effects,
and (iii) that energy transfer rates were
zenerally greater at shorter wavelengths
of irradiation. Moreover, the experimen-
tal evidence strongly suggested, at least
in a first approximation, that the greater
the number of electrons in the outer
shell, as designated solely by the princi-
pal quantum number, the greater the
strength of the nonlinear coupling (6-9).

Since it is expected that the measure-
mnent of photoelectron energy distribu-
“1ons could provide valuable information
on the detailed nature of the electronic
motions occurring in reactions such as
that shown in Eq. 2, experiments of that
type, performed under collision-free
:onditions, have been conducted (/8).
‘vhis expectation, indeed, appears to be
“orne out. For example, substantial dif-
ferences in the electron distributions
produced by Ar and Kr were seen even
though the ion spectra for these maten-
als are similar and show that the outer p
shell is completely stripped in both cases
8. 9.

The most significant results now avail-
able, however, appear in connection
with the behavior of Xe. Indeed, in con-
rast to Ar and Kr, the Xe electron
~nergy spectrum exhibits a dramatic
change with increasing intensity of the
193-nm radiation in the range of 10" 10
10" W/cm?. The first ionization line,
which corresponds to two-photon ab-
sorption with an attendant photoelectron
energy of 0.7 eV, nearly disappears,
while the three-photon process, arising
from continuum-continuum transitions
(19), becomes dominant. Furthermore,
the final-state distribution of the ions
penerated for the three-quantum process
has approXimately 80 percent in the ex-
cited 55739 P\, state, with the remain-
ing 20 percent in the 55*Sp° 2Py, ground-
level state. .

In addition to the ladder of continuum-
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continuum lines, new sharp photoelec-
tron features appear in the range from 8
to 22 eV at an intensity of about 10"
W/cm®. These lines have been assigned
to Ns00 Auger lines after excitation of
the 44 inner shell. The most prominent
lines are those associated with N,0,0,
transmons. which terminate in the
4d"55°5p* double-hole state. This identi-
fication is predicated on the observation
that their relative spacing, nimber, and.
to a somewhat lesser extent, relative
intensities fit well to values previously
reported (20) for such Auger transitions.
Moreover, a total of eight electron lines
is observed, representing a quartet of
pairs of transitions, all of which exhibit
the known (20) 4dy, 10 4dsp splitting in
Xe of approximately 2 eV.

The general trend (27, 22) of the elec-
tron spectrum for Xe as a function of
intensity is illustrated in Fig. 6. The
appearance of a group of lines at an
intensity of about 10" W/cm? is attribut-
ed to Auger decay of 4d vacancies in the
atom. This spectral region (/8), which is
believed to represent Ny00 Auger pro-

-«‘\'.-."""' Ut \". -.3\1 S

cesses, ts shown in higher resolution in
Fig. 7.

Finally. further experimental evidence.
bearing on the mechanism of coupling is
present in the characteristics of certain
stimulatzd emission spectra that have
been observed in Kr (27). In this case.
the states believed to be involved are
those having multiple excitations and
inner-shell excitations (24) in closely
coupled subshells, such as 4s4p®al and
4s*4p*nin'l’. As discussed below. this
class of levels is of exactly the type
expected to be strongly excited if certain
highly organized atomic motions. which
are consistent with both the ion charge-
state and photoelectron spectra, are
driven by the radiation field.

Mechanism of Coupling

We are now in a position to interpret
the experimental findings in terms of a
specific, although highly speculative,
model for the atomic response. The main
purpose of the description given below is

Fig. 2. Experimental ap-
paratus used in the stud-
ies of multiphoton ioniza-
tion at the University of
lllinois at Chicago. (a)
Output amplifier (left) of
the gigawatt 193-nm pico-
second laser system; (b)
ion time-of-flight spec-
trometer; and (c) electron
time-of-flight spectrome-
ter.
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comparable to
- oxporiments 103V
R e My N0
e o 10" 10 ot leagths i the 100-fsec
range containing about 1 J of
mtonsity(W/cm®) coergy.
not to pr:. ile an exact definitive analy- configurations, consisting of doubly ex-
sis, whic. :ow obviously is impossible, cited states, is known (25) to play an
but rathe: < furnish a framework for the  important role in processes of single-
proces: . - - iysical reasoning that should quantum photoionization. With this in-
reveai ¢ - :-ue nature of these very non- terpretation, the results of our studies of
linear . . ' nisms. multiquantum ionization simply indicate
From . analysis of the data now at anonhnaranalogofunsbasncelectron-
hand, whi. ¢ include information on the ic mechanism.
depender:: ' ; on the atomic number Z lnplmclple.themponseohnatom
(6-9), th- . :iensity, the frequency, and to a pulsed external field with an ampli-
the pola. -_tion, the following hypothe- tude approaching an atomic unit, if cal-

sis has ¢.erged as an approximate de-
scriptio: - : the basic character of the
electronic motions involved in these pro-
cesses. (Cverall, the data strongly indi-
cate that a» organized motion of an en-
tire shel’. ~r a major fraction thereof, is

directly . . ~lved in the nonlinear cou-
pling. Wi ‘his picture, the outer atomic
subshell: ¢ envisaged as being tran-
sient; . ‘n in coherent oscillation by

the intcase ultraviolet wave. With this
type of « :'ctronic motion, the observed
increase ‘n the multiphoton coupling
strengti: can be qualitatively related (8)
with the laiger magnitude of the effective
charge involved in the interaction. In
quantum rmechanical language, an oscil-
lating shell would be represented by a
wave fun<i on of a multiply excited con-
figuratic::. {n this way, a multielectron
atom undccrgoing a nonlinear interaction

respors: ‘Y a fundamentally different

fashi .. 1 that of a single-electron

courni: .. A class of multiply excited
. .

T

lon ourremt

Fig. 4 (lcft;. Collision-free ion time-of-flight

culated with full rigor in the framework
of a time-dependent many-body theory,
would present the possibility of a nearly
unbounded level of complication. There-
fore, in order to advance our understand-
ing of this problem, we must find a
simpler approximate form of analysis.
An appropriately formulated treatment
that correctly represents the basic nature
of electronic motions, however, should
be able to describe qualitatively the prin-
cipal characteristics of the experimental
observations. ‘These include the basic
coupling strength and resulting energy
transfer rate, the shell effects, the origin
of the strong nonlinearity, the frequency
characteristics, and the ability to pro--
duce atomic inner-shell excitation.

In order to achieve that goal, we can
contempiate a relatively simple model (8,
9) that is valid at sufficiently high intensi-
ty. In this case, we imagine an atom
composed of two parts: an outer shell of
electrons (a) driven in coherent oscilla-
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spectrum of Xe produced by 193-nm irradiation at

umn/dmw"WIeo’wﬁbnﬂsahmlmofMSneammof
the chagr- state peaks is caused by the naturally occarring isotopic distribution of Xe.  The

chargs :taic: of the Xe** species observed are indicated.  Fig. 5 (right). Data concerning the
multipic ioruzation of atom ~roduced by irradiation at 193 nm: plot of total ionization energies
of thx. my,dmmzcsnamammz.mmamnp’
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tion by the radiative field, and a remain-
ing atomic core (b) for which direct cou--
pling to the radiation field is neglected
(Fig. 8). In this picture, coupling be-
tween these two systems can occur,
since the outer electrons could, through
inelastic **collisions,” transfer energy to
the core. Simple estimates (9) indicate
that, for intensities corresponding to an
electric field E » e/aj, enormous oscil-
Iating atomic current densities j on the
scale of 10" to 10" A/cm? could be
temporarily established in the outer re-
gions of the atom. For ultraviolet radia-
tion under these conditions, the elec-
trons in the outer atomic shell can be
accelerated to mean Kkinetic energies
considerably higher than 10 KeV, a val-
ue far above their respective binding
energies (9). Furthermore, in the limit of
high intensity, it is possible to formulate
an estimate of the coupling of the coher-
ently driven outer electrons with the
remaining atomic core by relatively sim-
ple procedures. This is now done at two
levels of approximation, initially with the
neglect of the influence of the coherence
characterizing the motion of the outer
electrons and, subsequently, with its in-
clusion.

An estimate can now be furnished
based simply on the magnitude of the
ambient current density j. Since the elec-
tron kinetic energies are considerably
higher than their corresponding binding
energies, it is possible to use a first-order
Born approximation (26) in a manner
similar to that used to study electron
collisions for K- and L-shell ionization
(27) and shell-specific ionization pro-
cesses in highly charged ions (28). In-
deed, in the case of Xe ions, measured
cross sections for electron impact ioniza-
tion are available (29).

In this elementary classical picture (9),
the transition rate R can be written as

Q)

in which e is the electronic charge and
o, is the cross section characterizing the
excitation of the atomic core by inelastic
electron collisions arising from the cur-
rent density j. If j = 10" A/cm? and
o, 210" cm?, then R =6 x 10V
sec™!. Furthermore, if the radiatively
driven current density j is damped by
electron emission in a time T on the order
of about 10~'* seconds, which is an
approximate time scale characterizing
autoionization, then the overall transi-
tion probability P = Rt = 6 x 1072, in-
dicating a significant probability of ener-
gy transfer.

R"bf

The characterization of the outer-shell

motion as a simple current density j,
however, does not take into account the

-fact that the electronic motions are gen-
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eridted through ipteraction with.a coher-
ent wave. It is expected that the coher-
ence associated with the motions of the
- outer-shell electrons induced by intense
sradiation will have important conse-
quences (30) for the coupling of energy
10 atomic inner shells that were ignored
in the simple estimate given above. The
influence of this type of coherent atomic
motion is now described in relation
to certain properties (3/) of energetic

(>10 MeV/amu) atom-atom collisions.
The role of coherence in the motion of
the outer clectrons in the excitation of
the core is readily described in terms of
znergetic atom-atom (A-B) collisions. In
this comparison (30), a correspondence
is established, as shown in Fig. 8, be-
tween the scattering of the coherently
driven outer electrons (a) from the atom-
i core (b) and the respective interaction
of the electrons in the projectile atom A
with the target atom B. Consider the

process

A + B(O)=3> A + B*n) )

in which A is a ground-state neutral atom
with atomic number Z, and B*(n) repre-
sents an electronically excited configura-
tion of the target system with quantum
numbers collectively represented by (n).
in the plane-wave Born approximation
{PWBA), the cross section o, can be
~ritten in the form presented by Briggs
and Taulbjerg (31) as

8ne'

:r~°= y:

L‘ leZy (K)12 [1Z4 — j2w; < ¢f

dK

expliK - s,) 16} > I 0 5 Ng0,0, oo
9.6 ov ¥
in which Nt
24K) = [ dridia(esdexpK - rodoulrs) [
©® Fig. 7. P_rominent transitions NAO.O

comtle s e
In Eqs. 5 and 6, ¢ is the electron charge; , s
Za is the atomic number of the projectile "’v";cm,md&:&""mdy 10 \ S
atom; v is the relative atom-atom veloci-  tingum (#y — Xeg,, Xei,) and [ >
ty; ¢/ are orthonormal spin orbitals rep- i i Auger xe &2 P° s
resenting the electrons on the projectile  (Ns00) features are apparent. Lo.s 2
atom with spatial coordinate s,; w; is the F:Nm m&m 32 2 K]
statistical weight of the shell; K is the gl U L0 0 WEoh 2 z
momentum transfer in the collision; and  have the common value of N40102,3 Ng04O29 f -
¥as and ¥,s represent the electron wave  about 2 eV, which is the known s
f!mctions of the target system as a func- “mﬂ 10 4dy; sepanation in ’ge N4O1Og 3| Ns0:102 5 Lo.s
tion of the spatial variable r;. The sum- high-energy "m"’"m’d the ob-
mation over the index j appearing in EQ.  served features that represent I
$ extends over all occupied orbitals 0  the true energies of the lines. f
that, in the limit K — 0, the summation -
tends to the number of electrons N, 0.1
associated with the projectile atom (3/). -
in the low-momentum transfer limit, in ) —
which complete screening occurs, the 20 18 18 14 12 10
amplitudes of the electrons cofmbine co-  _ - Election energy (eV)
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herently, and the contribution to the
Cross section oy, arising from the motion
of the electrons in atom A is increased by
a factor of N} over that of a single
clectron at the same collision velocity v.
Equivalently, for sufficiently low mo-
mentum transfer such that Kag < &, the
electron cloud acts as a coherent scatter-
ing center with a mass N,m,, a charge
Nae = Zye, a velocity v, and a kinetic
energy N(172 my?). Significantly, be-
cause of the coherence, the single-parti-
cle energies (12 m.?) add so that, in
principle, this value could be below the
magnitude required to produce the exci-
tation of the target atom B.

In sufficiently high field strengths, it
appears that coherently accelerated elec-

= 1
A.,IEO.V".?.!.?

Fig. 6. Overall time-
of-flight photoelec-
tron spectrum for Xe
from approximately

Xeols?

..'22'6 nm with a pulse dura-
tion of about 5 psec
and a lens with a focal

— - nm’uﬁom)(ennd
/’/ 4 Xe* arising from two
/N 2y and three 3y and
N hplmeun.mdn-
cated along with a
group tentatively as-
signed as Auger fea-

tures.

trons in outer atomic shells (a) can inter-
act with the remaining atomic core sys-
tem (b) in a manner closely analogous
to the atom-atom scattering described
above. If a PWBA description is used,
the cross section representing energy
transfer can be written by inspection
from Eq. § with Z, = 0. The basic physi-
cal concepts are simply represented in
the high field limit (E > e/ad), aregime in
which the driven electronic velocities
correspond approximately to those char-
acteristic of atom-atom collisions at a
collision energy of approximately 10 Me-
V/amu. Therefore, the motion of these
electrons can simulate the electronic col-
lisional environment that would occur in
fast atom-atom encounters but with the

al et bl atd osa oie il aip aih o i o o EAAL AL A & a2 & 4 8 4.0 0 8 800 28 o284 B 4.8 2] W Twe? a8 804 3 'l!!! u l ! ' .
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_important absence of, the nuclear contri-

Jbution arising from the Z,, term in Eq. 5.

In order to see how this mechanism
would scale with the basic physical pa-
rameters involved, we can now estimate
the contribution of oy, for inner-shell
excitation arising from coherently excit-
ed atomi: shells. For this, Eq. § is taken
with Z, >0 and K., restricted to
shay i> fulfill the condition for com-
plete shiclding. Further, Z, can be taken
10 denote the number of electrons in the
outer siciis and Eq. 6 expanded for

in the customary fashion, so that
only the l=~ding dipole term xq, is re-
tained. F::nily, for a core excitation en-
ergy AE viz put Kpq = AE/v, which is
the condition that holds for AE much less
than tie collision energy. With these
modifications, the full coherent piece of,
can be wiitizn as

. 8ne'dZ} J‘" dk
9 " TR b K U
aresr™ "“a1, with the exception of the

restri.. - on Kmax and the Z3 factor, is
exactly .-z form of the well-known result
for ineiastic scattering of electrons on
atoms de zloped by Bethe (32). The final
result, v:'id for

T

9

in wk.: &+ . is the fine-structure constant.
Ob- i susty, all types of possible excit-
ed ¢ rations cannot fully benefit

from :.  type of coherent motion,
regardi.., of the field strengths used.
Indec::. iz limitation can be estimated
from k. 8. At sufficiently high intensity
in the limit v — ¢, the maximum value of
AE .. is given by

AEg., ~ ame? = 3.73 KeV  (10)

The physical picture presented above
also enables a statement concerning the
frequency of iradiation w to be formulat-
ed. For the excitation of inner-shell
states :a the kilovolt range by the quasi-
free coherently driven motion of outer-
shell clectrons, two basic assumptions
are involved. The first, as noted above,
concerns the field strength E such that
the cox ation

E» Ey= ela}

holds, enabling the electrons to be re--
garded as approximately free. The sec-
ond consideration involves the energy
scale of the motion, ¢,, which in this case
is taks - . be sufficiently great to excite
readhi . .1, - inner-shell states in the de- ~

" LA

an .

Outer sheft (a)

Core (b)

Fig. 8. Approximate correspondence between
(top) A-B atom-atom collision at relative ve-
locity v and (bottom) coherent relative motion
of outer-shell electrons (a) with respect to
core (b). For simplicity, the electrons in the
bottom half of the figure are depicted as
undistorted, mutually displaced charge distri-
butions moving with relative velocity v. The
nuclear charges of the projectile and target
systems, Z, and Z,, respectively, are denoted
in the atom-atom collisions.

sired kilovolt range. With the neglect of
relativistic corrections, the electron en-
ergy can be expressed as

& = 12my? (12)

with the quantity v, representing the
velocity of induced electronic motion.
For a free electron, the maximum value
of v., commonly known as the quiver
velocity, is given by
ve= <L 13)
mew
for a field with angular frequency w (33).
For stated values of E and ¢, that fulfill
the assumptions of the aodel, a frequen-
cy scale generally characteristic of those
physical conditions is now defined by
combination of Eqs. 11, 12, and 13. If we
take E = 3E, to satisfy Eq. 11 and
¢ ~ 10® eV as reasonable values, then

o m’i

w T (14)
which is a frequency that corresponds to
an ultraviolet wavelength of approxi-
mately 200 nm. With this result, we are
led to the conclusion that ultraviolet
wavelengths naturally match the physi-
cal conditions characteristic of the co-
herent atomic motions envisaged in this
description.. Experimentat results are in

as shown by the ion charge-state studies
described above, the observed energy
transfor rates for infrared and visible
radiation were reduced with respect to
those characteristic of the ultraviolet
range.

This simple model can also be used to
estimate the threshold condition for 4d
vacancy production in Xe. Although
these initial results (/8) do not constitute
a proof of the mechanism involved, it is
simply observed that energy transfer
from coherently driven valence-shell
clectrons could produce such inner-shell
excitation. Furthermore, with the model
presented above, along with consider-
ation of the known (29) inelastic electron
scattering cross sections for Xe ions, an
estimate can be made of the intensity at
which such Auger lines should appear.
_.Inelastic scattering studies (29) show
that the 4d excitation in Xe has a thresh-
old at about 67.6 eV that is closely
followed by a broad maximum at about
100 eV. If the motion of the N, outer
electrons in Xe is approximated as that
of free electrons, the maximum electron-
ic kinetic energy ¢, can be written, in a
form that reexpresses Eq. 12, as

€ = (1.79 x 10730 15

with units of electron volts for e,
micrometers for A\, and watts per square
centimeter for I. The 4d threshold at
approximately 67.6 ¢V corresponds to an
intensity / for single-electron motion of
about 10'® W/cm?, a value somewhat
above that used in the actual experimen-
-tal studies (18, 21) for photoelectron pro-

- duction. However, if the picture of the
coherent motion is valid, the single-parti-
cle energy can be reduced, for a fixed
threshold requirement, by a factor of Z,,
which is the number of electrons partici-
pating in the coherent outer-shell mo-
tion. For Xe, previous ion studies (6, 8,
9), data from which are shown in Fig. 4,
indicated that Z, = 8 is a reasonable
value, which is the total number of elec-
trons in the n = S shell (5s25p%). This
reduces the threshold intensity for 4d
vacancy production to approximately
1.2 x 10" W/cm?, a value quite close to
that (~10'* W/em?) corresponding to the
experimental appearance of the electron
lines presumed to arise from Auger de-
cay shown in Figs. 6 and 7.

Conclusions

Basic physical studies of collision-free
nonlinear atomic processes, through an
analysis involving combined measure-
ments of ion charge-state distributions,
photoelectron energy spectra, and pho-

agreement with this conclusion because, -
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ton spectra arising from intense ultravio-
let irradiation, have produced data that
strouzly indicate that multielectron at-

' ous respond in a manner fundamentally

different from single-clectron counter-
pasis. The confluence of the evidence
suyy-sts that, under appropriate circum-
iy, the outer atomic subshells can
3¢ Jiiven in coherent oscillation, and
tiis -rdered electronic motion can, by
dir:t intra-atomic coupling, lead to the
rapicl excitation of atomic inner-shell
stac.+. Quantum mechanically, such
stat - of motion for the outer-shell elec-
rons would be described by multiply
excitzd configurations. Two direct con-
sequ-aces of this type of motion are (i)
that the maximum magnitude of the os-
citlaijng intra-atomic electric field can
apncoach several atomic units, since the
iields of all the participating outer elec-
irons combine constructively, and (if)
that the harmonic content of the result-
iny field can, because of the nonlinear
v -acter of the electron-electron 1/77
~oniadibic interaction, become large. A
;v v, highly nonlinear intershell cou-
Mo cosults, and enhanced rates of non-
- absorption are expected.
* + slementary atomic model, formu-
-» take advantage of certain simpli-
- :tions that appear to be characteristic
" high-intensity regime (E » e/ad),
.+ ~nabled qualitative comparisons to
made among several of the most
wainent  experimentally observed
seecties, Although this representation
'y at the hypothetical stage, the five
s of contact are (i) the basic cou-
o'g strength, (i) the shell effects, (iii)
<. rigin of the strong nonlinearity, (iv)
“rzquency characteristics, and (v) the
‘it, 1o produce atomic inner-shell ex-
-n, This general, although approxi-
wid;, form of analysis has additional
:, vince it enables us to estimate the
¢ .unse of atoms throughout the perni-
; table and thereby provides a set of
i:..11ble hypotheses for comparison with
mniee experiments. It is important to
«ldl that, since the original preparation of
tins article, results obtained by much
more quantitative calculations (34) in-
volving the time-dependent Hartree-
vurk method basically confirm the fun-
dacizntal character of atomic motion
(r::resented as the analogy with fast
alom-atom collisions) even for field
sirengths approaching E, (22, 30) and
uiovide remarkable quantitative agree-
:ni as well. For the latter, the intensity
15 at which 4d Auger electrons
shontldd be observable in Xe correspond,
- iun a factor of approximately 2, for
uth theoretical approaches. These re-
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sults are also in accord with experimen-
tal figures (/8) to within the same rather
small level of uncertainty.

An atom in a radiative field whose
amplitude is significantly greater than an
atomic unit experiences a violent pertur-
bation that has important features in
common with certain well-studied colli-
sional phenomena, such as ion-atom col-
lisions, electron-ion collisions, and
beam-foil interactions (35). Indeed, in
the case of beam-foil collisions, a radia-
tive environment at an intensity of
3 x 10'* W/cm? and an ultraviolet wave-
length approximates (22), in several im-
portant respects, the conditions associat-
ed with the passage of an Ar ion through
a carbon foil with a kinetic energy of
about 1 GeV. This similarity leads to the
concept (36) of an “opucal solid,"”
which stationary atoms in a suﬂicnently
intense radiative field will experience an
interaction comparable to that of ener-
getic ions traversing solid matter. The
consequence is an extreme level of exci-
tation on the scale required to establish
the conditions needed to produce stimu-
lated emission in the kilovolt range. In
addition, the coherence of the radiative
environment can act to introduce a mea-
sure of control on the energy transfer
that will enable considerable selectivity
in the energy flow to be achieved. If this
speculative hypothesis survives, a syn-
thesis of many areas of atomic physics
and an unexpected nexus between the
original research conceming coherent x-
ray production and nonlinear processcs
may result. N
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 Atomic Inner-Shell Excitation Induced by Coherent Motion of Outer-Shell Electrons

K. Boyer and C. K. Rhodes
Department of Physics, University of Illinois at Chicago, Chicago. lllinois 60630
(Received 28 January 1988)

Outer-shell electrons coherently driven by intense radiation can transfer energy in a direct intra-
atonic process 10 inner-shell excilations. Provided that the effective momentum transfer Aq s suf-
licizotly low (Aq <%/as), the amplitudes governing the coupling of the outer electrons 1o the
atomic core constructively sum. The effective cross section, which can be related to fast atom-atom
collisions ( 2 10 MeV/u), is evaluated in a limiting form closely resembling the Bethe result for

inelastic electron scattering from atoms.

PACS numbers: 32.80.—1, 34.50.Fa, 34.80.—i

‘tacent experiments'? examining the nature of mul-
1quantum ionization of atoms in intense ultraviolet
i::lds have exhibited several anomalous characteris-
5. Among them are (1) reactions of unexpectedly
ni3h order, involving as many as 99 photons, and (2) a
claar statement, from the atomic-number dependence,
tirit the shell structure of the atom is the main deter-
ininant of the strength of the interaction. All the con-
soicuous characteristics of the experimental findings
could be consolidated by that single principle. From
‘i standpoint of this Letter, the main implication of
rhase results? is that, at a sufficiently high intensity,
the electrons in the outer atomic shells can be
coherently driven by the incident wave to produce ex-
iremely high localized current densities j on the order
2 10 j=< 10" A/cmi A multielectron atom un-
- r40ing a nontinear interaction of this type responds
. fundamenially different fashion from that of a
1nule-electron atom. It is expected that this ordered
wtion, which represents a very high level of atomic
critation corresponding quantum mechanically to a
winitiply excited configuration in which all the elec-
~/ons in a shell are in excited orbitals, would have a
i-:lime 7 given approximately by that characteristic of
witoionization. This would place the lifetime in the
(ange of 10~ = 7=10"" sec, a time scale approxi-
i 1ely comparable to the period of the ultraviolet fre-
‘i12ncies used in the studies of ionization.)? In con-

ration of the outermost shells, an ultraviolet elec-
i field strength £ on the order of an atomic unit
.. - e/ad is the regime in which the envisaged motion
1- cxpected to become an important factor in the
dynamics. This corresponds to an electromagnetic in-
tensity Jo~ 7% 10" W/cm?.

The coherent oscillation of the electrons in outer
atomic shells induced by irradiation at ultraviolet fre-
quencies at intensities /2 /p has important conse-
quences for the coupling of energy to atomic inner
shells. Moreover, as described below, the influence of
tivis type of atomic motion can be related to certain
- jaracteristics’ of high-energy { > 10 MeV/u) atom-

1490 © 1985 The American Physical Society
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atom collisions. At sufficiently high intensity, a rela-
tively simple physical model can be envisaged which il-
fustrates these effects. For simplicity, consider an in-
tensity above ~ 10! W/cm?, for which the peak elec-
tric field is more than ten times e/aé, so that loosely
bound outer electrons can be approximately modeled
as completely free particles. Therefore, for those elec-
trons, we can represent their motion as that of free
electrons accelerating in intense coherent fields.*® In
this limiting case, we imagine that the atom is com-
posed of two parts: (a) an outer shell of electrons
driven in coherent oscillation by the radiative field,
and (b) a remaining atomic core for which direct
coupling to the radiation field is neglected. Coupling
between these two systems can occur, since the outer
electrons can, through inelastic *‘collisions,” lead to
the production of electronically excited core states.
Indeed, since the outer electrons could acquire rela-
tivistic velocities at intensities on the order of 10?!
W/cm?, the production of electron-positron pairs by an
intra-atomic process analogous to the well-known tri-
dent graph®? becomes possible.

The role of coherence in the motion of the outer
electrons in the excitation of the core is readily
described by appesl to descriptions of energetic atom-
atom (4/B) collisions. In this comparison, a
correspondence is established between the scattering
of the coherently radiatively driven outer electrons
from the atomic core and the respective interaction of
the electrons in the projectile atom A with the target
atom B. Consider the process

A+B(0)— A +B(n) )

in which A is a ground-state neutral atom with atomic
number Z, and B°(n) represents an electronically ex-
cited configuration of the target system with quantum
numbers collectively represented by (m). In the
plane-wave Born approximation, the cross section o 4
can be written in the form presented by Briggs and
Taulbjerg? as
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0= (8we! v’)f
in which
€2 (K) = [drdwis(tadexp(iK -rg)voslrs). (3)

In expressions (2) and (3), v is the relative atom-atom
velocity, the ¢7 are orthonormal spin orbitals rep-
tesenling the electrons on the projectile atom, w; is
the statistical weight of the shell, K is the momentum
trinsi=r in the collision, and yog and ¥ 5 represent the
slaetvon wave functions of the target system. The
sumniation over the index j appearing in Eq. (2) ex-
12nds over all occupied orbitals so that in the limit
K-> 0, the summation tends to the number of elec-
tions N, associated with the projectile atom.?> Since
M, = /4 for a neutral atom, complete screening® oc-
curs i the low—-momentum-transfer limit and the nu-
vlear and electronic contributions cancel exactly.
‘Therelore, in this limit, the amplitudes of the elec-
irons combine coherently and the contribution to the
cross section o, arising from the motion of the elec-
trons in atom A is increased by a factor of N over that
of a single electron at the same collision velocity v.
Alternatively, for sufficiently low momentum transfer
such that Kag<<#, the electron cloud acts as a
oherent scattering center with a mass N,m,, a charge
!‘l’,e = Zse, a velocity v, and a Kkinetic energy
( }-mgv?). Significantly, on account of the coher-

. the single-particle energies ( T My v?) add so that,

in principle. this value could be below the magnitude
rr.ed to produce the excitation of the target atom

i sufficiently high-field strengths, coherently ac-
~slarted electrons in outer atomic shells can interact
with the remaining atomic core system in a manner
clusly analogous to the atom-atom scattering de-
.« above. If a plane-wave Born-approximation
<o ription is used, the cross section representing en-
a0 transfer can be derived directly from expression
121 vith Z,=0. We now describe an example illus-
iy the circumstances under which this may occur.
o the basic physical concepts can be very simply

.- sented in the high-field timit (€ >> Eg), we con-
iz 1 peak electric field strength £~ 0.5x 10" V/cm

i1l an electron acquires an energy of ~ 10 keV in
. «istance comparable to an atomic dimension ( ~ 2
.+). At this field strength, which corresponds to an in-
tensity of ~ 3x10%® W/cm?, the electron accelerates
o the 10-keV energy in a time which is approximately
% of an optical cycle for an ultraviolet wave length of

- 200 nm, a condition consistent with the validity of
the assumption of a constant field strength for ac-
celerations on the scale of atomic dimensions. The
resulting velocity of ~ 8% 10° cm/sec corresponds, for
atom-atom collisions, to a collision energy of ~ 20

“le(KIPMIZ, - 3,0, (87 lexptiK -5,) |7 112K/ K? 2)

J MeV/u. Therefore, the motion of these electrons

simulates the electronic collisional environment that
would occur in fast atom-alom encounters, but with
the important absenace of the nuclear contribution aris-
ing from the Z, term in expression (2). In this case,
no shielding is present in the low-momentum-transfer
limit.

It is now possible 1o estimate the contribution to oy,
for an inner-shell excitation arising from coherently
excited atomic shells. For this we take expression (2)
with Z, =0 and restrict K, to <K/ay, to [ulfill the
condition for full shielding which, for this situation,
corresponds to totally constructive interference of the
electron amplitudes. We further take Z,; to denote the
number of electrons in the outer shells and expand Eq.
(2) for €4(K) in the customary fashion so that only
the leading dipole term xo, is retained. Finally, for a
core excitation energy AE we put Kpmin==AE/v, the
condition that holds for AL much less than the col-
lision energy. With these modifications, the coherent
piece o, can be written as

8 e'xd, 2} 4/ dK

ofy=——— Bre'siuZi e dk. @

a result which, with the exception of the restriction on
K s and the Z{ factor, is exactly the form of the
well-known result for inelastic scattering of electrons
on atoms developed by Bethe.® The final result, valid

v m, ‘.2
al—
2l € ! 2 v mccz
of,=8na |7] Zix¢n a[7"-ﬁl . (6)

in which a is the fine-structure constant. For the ex-
ample considered, the restriction on the logarithmic
factor limits A E to a maximum value of approximately
1 keV, an energy corresponding to the region near the
M edge of xenon,.? a case which serves as a suitable
numerical example. If we take the charge radius'® of
the M shell of xenon as the scale for xg,. then
Xoa ~ 0.2ay, and if we assume that Z, = 18, accounting
for the three outermost xenon shells (5p*5s244'%),
then the resulting cross section is on the order of
0§, ~7%10~'" cm? with the weakly varying loga-
tithmic term taken as a factor of O(1). This value is
somewhat greater than the total photon cross sec-
tion'"1? in the region near the M edge of xenon.
Furthermore, since expression (4) respects dipole

()
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as only odd-parity excited core levels would be pro-
duced.

The upper limit in the integral in expression (4) can
be extended 10 Koy =2Z,m,v if appropriate pro-
jectile-atom wave functions ¢ are used. This pro-
cedure produces a final cross section o, with a magni-
tude of the same scale as that represented by Eq. (6),
but with a somewhat different detailed dependence on
v and AE. This refinement leaves the principal con-
clusion unchanged. .

The coherent interaction described above can be
viewed as a form of dynamic configuration interaction
in which the fields of the participating electrons sum
constructively. Constructive addition naturally resuits
if the scale of the momentum transfer Ag communi-
cated in the interaction is sufficiently small so that the
length #/Aq is greater than the spatial scale of the
scattering system. The physical origin of this effect is
the same as that which generates the coherent forward
scattering!? observed in nuclear collisions.'*

Obviously, all types of possible excited configura-
tions cannot fully benefit from this type of coherent
motion regardless of the field strengths used. For ex-
ample, the coherence is unimportant in the amplitude
for intra-atomic electron-positron pair production by
the trident diagram shown in Fig. 1, since the momen-
tum transfer A q associated with the propagator for pair
production in this interaction is such that

K/Aq~% << ay. (§)]

Indeed, from Eq. (5), at sufficiently high intensity in
the limit v— ¢, the maximum value of AE,,,, is given
by

AE gy~ am,cl=3.73 keV. (8)

Therefore, the cross section for pair production in the
field of a nucleus is easily shown to be

o,=(28/217)Z|(Za)*r¢ (Iny)? )

Ze

FIG. 1. Trident graph representing electron-positron pair
production by collision on an energetic electron with a fixed
center of charge Ze.
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selection rules, considerable state selectivity is present  in which ry is the classical radius of the electron and y

is the customary relativistic factor
y={1-(v/c)]- 2 (10)

. At sufficiently high intensity (> 10* W/cm?), for

Zy=50 and Z,=90, and with y==§, 0, ==2x10"%
cm?, a value that would, under reasonable experimen-
tal conditions with an ultraviolet laser of 1-10-J output
and -~ 100-fs pulse length, make possible the genera-
tion of ~ 100 pairs/pulse by this mechanism.

Coherently driven motions in outer electron shells
can generate an enhanced intra-atomic coupling for the
excitation of inner shells. The interaction, which can
be viewed alternatively as a form of configuration in-
teraction or electron scattering, has, on account of the
constructive addition of amplitudes, a cross section
which scales as the square of the number (Z,) of
outer electrons participating in the motion. A strong
and highly nonlinear coupling arises as a direct conse-
quence. Coherent motions of this type should enabie
the selective excitation of atomic inner-shell states in
the kiloelectronvolt energy range to be produced by in-
tense irradiation of atoms at ultraviolet wave lengths.
The physical nature of this process of intra-atomic en-
ergy transfer bears s direct relationship with energetic
atom-atom collisions. Similar conclusions can be
reached by alternative theoretical approaches, such as
those involving the time dependent Hartree-Fock
method.!
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A 1 "RETICAL MODEL OF INNER-SHELL EXCITATION
BY OUTER-SHELL ELECTRONS®.

= A. Szoke
‘awrence Livermore National Labgratory
. . Box 808, Livermore, California 94550
and
C. X. Rhodes

~~=peparin. - of Physics, University of I1linois at Chicago
. Box 4348, Chicago, I1linois 6Q680

(”!@'Cr.‘ew.ed § July /7359

ABSTRACT

An analysis is pr-eéeuted which shows that atomic inner-shell states can
b . ongly exc-ited' by outer-shell electrons driven coherently at ultraviolet
f. . -oclies. .A semi-juantitative analysis, based on the time-dependent
Ha i roe-Fock method, is formulated to ﬂlﬁstrate the basic character of this
extoemely nonlinear inter-shell coupling. The results indicate that a

substantial fraction of the absorbed energy can be channeled into inner-shell

-

excitation.
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Recent experimenta) studies'™ on the nonlinear coupling of intense
ultra-violet radiation to atoms have indicated that it may be possidle to
2xcite atomic inner-shell levels throwgh radiatively driven motions in |
nuter-shells. Specifically, it has been suggested"s that the outer-shell

_notions that could produce a substantial amplitude for inner-shell excitation
.re those involving ordered coherent motions of the outer electrons.

An approximate analysis of inner-shell excltatlons. based on an analogy
with atomic interactions in energetic (v/c ~ 1/210) atom-atom
colllslons.6'7 has recently been presented. That result, which is valid for
very strong incident fields that lee rise tn comparable electronic

velocities, is stated ina form resenbling the wel) known cross section for

innlastic scattering of electrons by atoms. 8 Closely related phenomena. involving'

« aitiphoton excitation, and the ionization of many-electron atoms in strong
o lectromagnetic fields have.been formally treated on the basis of

¢ ime~dependent Hartree Fock (TOHF) theory.’

This communication’ extends that
theory to describe inner-shell excitation. Spetlflcally. we show that
1ssuming coherent (collective) nonlinear motion of an electronic (outer-) -
shell produced by interaction with an external driving field, both the
probability for excitation of inner-shell electrons and the quantum state
specificity can be estimated. o

In the following we give a simplified derivation of the theory using
neutral xenon as an example. The n = 5 shell (5525p5) of xenon will be

- designated as the outer-shell, an& its 44'0 shell, to which it ls‘closely
coupled ‘o'lz ulll be denoted as the 1nner—shell. The remaining strongly

~ bound electrons tnat fonn the [Kr] - 11ke core will be treated as an
equivalent potentlal. In the ]DMF fonnallsn. the many-body wave function

: descrlblng.the-outer7 and the-jnner—;nells is restricted to be an

- — - -
- m— )  a— - - — .
— —— . t— s —
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antisysn: i ized product of single electron orbitals, a single Slater

deternin.:..« of the form,

-

K
By < ) . ,TDH.' 2 (-]) 1“ ' (l’ p(1)’ t) )

: fnwhich v is a pemuiation of thé indices. § of the K (= 18) electrons. The

; single p:. " icle wave functions satisfy equations which are, in the dipole
Y ]

_:; 'approximat%un with the neglect of spinn—orbit and other relativistic effects,
[y ' .Qritteﬁ as
(‘ "

= E)

3w.(r,t) 2
e [-{;— e v(r) + Y (F0) + W (F)- GF'E(t)]#i(F.t) coa
, : By

2L In the: - ations, the laser field is assumed to be a nearly monochromatic

N
;ﬁ; classical . {21d, given by

."‘ E(t) - € (1) cosot, (3)

Eosw X
i

and th: -<~}j-consistent Coulomb V. and exchange \l:;::A potentials Are. . g

defined, i the local density épproximation.la by

- -
;;_':L Cal

5ol Yoo

. 2 ' K -
Veis, i = /dr —e n(r.t) ; n(r.t) -12] lw,(lr.t)l2 (4)
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Amwntt g (n(r)) is the exchange energy of the uniform electron gas with
the - = Jensity. In Eq. ) above, ¥(r) is the potetia) produced by the fonic
(Kr3 - Yike core. In principle, these equations are nonlinear in the applied
eiecir qunetic f}eld. - o

nserve that the incident electromagentic fleld has a slowly vérying

env2)y, . which means that both-its amplitude Eo(t) and its frequency o
remai -nroximately constant over many 1ight perfods. Thus, the Hamiltonian,
€q. . .5 almost periodic mth';ériw T= (21;;) and its corresponding ]
stat ivoary states satisfy the quantum mechanical Floquet theorem. 14-16 In
part: ‘lar, in the TOHF approximation the single electron wave functions do so

individually: thus

¢i(?,t) = exp(-12,1) ¢i(F.t): vi(?.t +T) = vi(F.t) (6)

in whigh %y are the Floquet exponents -with=..corresponding quasi-energies

giver by Q. The periodic functions vy can be expanded in a time-

depew:. - Fourier series as
e
1.1 = Toj (Pexp(-inat) , 8 - m
! n s

“

a form which clearly shows that YIOHE depends on time as a sum of

exponential terms

. X - _
exp ~i( I2 i+ no)t with n an integer.

=1

We now fntroudce an important approximation and adopt a "fsine'll mode1”

* which se arates the treatment of the outer-shel) ele_c.trbns' from t-toone.df the
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inner-shell. 1t will be assumed that in the first approximation the a0
inner-shell cizctrons remain frozen in their ground state. It then follows
that the TOHF Eqs. 1-5 have to be written for K ~ 8 with the inner-shell
electrons counted as core electrons. We know that for a weak incident field
this is a good approximation in xenon from detailed calculations using linear

1718

response theory. [Note: Thi; calculation was performed by C. Cerjan

at the Lawren'~ Livermore National Laboratory using the computor program
kindly provided by 0. Liberman.‘gl

The response of the 1nner—sh§ll will now be treated by perturbation
theory. 1In 1iis analysis, the potentials vc. ch in Eq. 4 and Eq.VS are

calculated using only the outer-shell wave functions and are represented as an

external po'ontial U given by

LDA,— (8)

U (r,t) < V(r) - er-E(t) + V (r,t) + Vv (r,t) .

This potenti:? can -be Fourier analyiedfin't1ﬁe as

Wt = I U5(Fcos(ket + o) - | (9)
k=1 - : |

It is important to note that in the TOHF analysis the Floquet exponent
disappears; the time dependence comes directly from the various components
€q. 7. In particular, if vq ﬁas large:ﬁourier components for indjces -

n 5_0 and M; V. and Vee have correspondingly larée F;urfer ;omﬁéﬁenfs'fb;
integral indices occurring between -M and . Therefore; this potential
will cause tran;ittéds~in.thq'inner-khéil.uheﬁ the excitation energy E
si{tfﬂes the condition E = nks for n <M. The resulting transftion

- .rate; from » -iurbation ;beonj; is R -
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o w(E) = 22 s (E)1%(E - anw) (10)

in which the transition amplitude, Sn(E) is calculated below.

Lel us denote the inner-shell matrix elements of Uk by

”!3(3 /drdj(r) |u (r) l! (r)> . (l]):,

N—-

in which %3 are a complete set of properly antisymmetric Hartree-Fock

wavefunctions for the inner-shell, including levels in the continuum, with r

symbolizes all inner-shell coordinates. In nt™ order perturbation theory we "
obtain .
o) 0:2 "~
, n oi i€
s(f)=u_+ % € < Eim kK b
ot ky+ko=n i I B
o |
i b Ul Ul [0 ten
< . V
= Ciee g o tois Vi -Us [n terns) Q2y
, T s (EEohe EyERe) L (EE ), -

with the summations denoting the customarj.sum over ‘bound levels and integral over

continuum states. In general, all orders in this expression must be retained,

k

since the terms U are of k™™ order in the external field and, consequently, all

terms are of n%q order overall~ Furthermore, it is cIear by inspection that the

first term corresponds to 'internal n h-order-harmonic generation® while-the
last one corresponds to ibuest order perturbation theory' ‘with the: external

field screened by the outer electron wotion. :In perturbation theory.

consecutiv- orders of’ Uk are related by

. . W

- " a2 Tl . (-(\_-\
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k , k=) - .
v/ 9k = 'osE/‘Eogt a3 |

in uhichlyos is a typical outer—sh;ll dipole matrix éieuengh and ‘Eos
is an er > gy scale characterising outer-shell excitations. {}herefore.
transiti ~ amplitudes in consecutive orders are related approximately by
AEOSI(EQ»fi-kﬁu). Since inner-shell energy spacings are typically
larger t::n those in the outer-shell, consecutive orders in the perturbation
treatment are generally diminishihg except in cases .- possibly involving
intermediate resonances. It is significant to note that, if there is an
intermediate resonance at kkw, a large dipole moment can be produced at
that harmonic frequency.

The behavior of the single electron wave functions of the outer-shell,

vi(r.t), are now jnvestigated. Since we are interested in the behavior of

the atom in a nearly monochromatic field that 1s_6pﬁtﬁhf\ adiabatically, we

seek the solution of the TOHF equations (Eqs. 1-7, K = 8Y-that correlates
61

adiabatfically to the 55259 So ground state. For weak fields and

sufficiently low frequencies, the response of each electron s similar to th:
. - B R .., '-I
of an harmonic oscillator with a~resonance energy equal to that of the first

excited state ﬂub (8 -9 eV in xenon).20 Therefore, the perturbation

"parameter, as: given in'Eq: 13, is

2
1 Yosbo 1?(")5 o , %o

"4 aE T4 foo (72

(14)

- 4n uhicﬁ o(w) §s the ieésured atopic:po1arizéb111ty.(per electron), ‘a

quautity :h1c$'céu-alsb be caltﬁlaged-py 1inear response theory with 3 self-

-
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i <~ 1sistent potent%al."'m In rea“ty,hwever. the potent!al is anl‘taruonic.
}_'::_ . ‘~2refore, the harmonic oscillator model must be used with caution. since a
:"_ :ingle excited electron lonizes if it gets excited above the fonfzation
h “otential V,- In xenon those values of Vo, 3re 12.13 eV and 13.44 eV for ,
k‘*-ﬁ .0 ) =3/2 and 3 = 1/2 states of Xe". respectively. For simplicity, in the
“Jowing we ignore possible complications arising from autonionizing
.pances. Considering the form gf the wave functions in the presence of the
~:d as given by Iq. 6 and Eq. 7, we can see that if f.(sz1 + nw) > Vo v'; (r)
a continuum wave function. Hoﬁever. we note that.this relation has to be
“lified in strong fields, as discussed both below and in Ref. 21.
The atomic behavior in strong fields is now discussed. 1In 'iﬂ'iﬁrmenic
Lillator model_,the amplitudes lv?lz are proportional to 8" for -
<< 1, the standard perturbation theory result. Therefore, in this reqime,
“ ~o»bability of ionization in accordance with lowest order perturbation
. ry_is obtained. For sufficiently strong field, B > 1, the higher
-wonic components acquire large magnitudes, the self-consistent potential
>mes appreciably :odified, and the jonization of the lowest v? T2
~}s can be suppr:ssed. 3.9.21,22 The‘criteriofl;‘-foﬁ the: disappearance.-of
th channel for jonization, due to electron trapping by the |
sonderomotive potential is
E) <7 W - 151
m—vo(°)<4m2. | | . Q9)
in whjcl-l V‘;.(Eo)_is the, fonization energy of the atoni .uodif:ied by the
A‘:-_Stiafk effect. Significantly, .bqth the disappearance of 'the lowest energy
~'artrons and the per-istence of tlie_ Mijﬁer. énér_gfr peaks have bge@ observed3>23
,‘;:;'_')':)?‘J..'. SN . ’:;.'::{.._,L.‘ ;:" .aj .i‘m:;}:&' i .:;x..:\.;. N o ﬁ\:\‘(\{;‘




in good agreement with Eq. 15. In the exper!uents of Johann e] a1:3 in

.xenon at 193 nm, electron .trapping of the two-photon (n = 2) piak occurs at an
intensity of 2 x 10" wlcn? according to £q. 15. However, the onset of

strong non-linearity arises at an intensity of 1.2 x 10‘5 H/cnz. the value

for which 8 = 1 in Eq. 14. The combined result of these effects §s that the
single electron wave function, described by Eq. 6 and Eq. 8, will have
zizeable n = 2 compongPt that doe§ not ionize. The n > 2 components, of
sourse, will still consist, at least partly, of outgoing waves. If we assume
a coherent ‘outer-shell motion, a reasonable approximation for the bound part

of the TOHF wave function that correlates to the ground state is a symmetric

- nroduct of wave functions for the six Sp electrons of the fom‘9

0 = eot-iat) [0 + et Z@etiet]. (16)

i norms of the Fourier components,

Po ™ / I¥(F)1%aF, o an ..

~: calculated for a one dimensional harmonic oscillator with polarizability
a4 resonance fregquency siﬁilar to that of xenon; for an intensity of
2.5 x 'IO"4 H/cm2 and frequency w = 0.7ub the values aré Po = 0.246,
P‘ = 0.330, P2 = 0.234. P3 = 0.116 respective]y.
Two important conciusions emerge. First, 1f we interpret P, 23S the
probahility of an individual, electron being- 'dressed? by n.photons, the 596

shel} of xenon has a sizeable aqplitude fornbeing drpssed with, or virtually
‘1‘7 #a3 'Qts“-..- "sx"vx&%‘-".- SR

excited u1th 12 pbotons.z? an. energy-suffieient’t .ﬁonize a ad electron at.

e _
an 1ncident 193 nm laser 1ntensity§4n tb ;m_nge,.f‘. 4 x 10 W/en? .-
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srseighted average from a density functional) calculation of xenon.
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Significantly, this range of intensity agrees, to within a factor of two, with
the- intensity observed>*? 1n the electron spectrum of xenon for the onset of
strong nonlincar coupling. Second, substituting Eq. 16 into Eqs. 4 and B, we
;2¢ that the "otential produced by these electrons contains predominantly the
‘irst and seccnd harmonic components. This is exactly the expected
naracteristic of a coherent ordered motion of the outer-shell electrons.
An estimate can be made of the inner-shell excitation due to the

otential U, £Eq. 8, in perturbation theory. The xenon 4d‘° jonization
‘iresholds are 67.55 eV (4d 2) and 69.52 eV (4d3,2) Hhen the n = 2

2rms get large, the domfhant lowest order terms in the pertubation an51ysis
~epresented by Eq. 12 can be cast in a form in which_the individual teyms

e written as (uEzlnAm)z, in which u‘is an inner-she11 dipole matrix element,
“ is the field at 2w induced by the outer shell, and JiAw is an appropriate energy
“:nominator. vziqg uz - f(eao)z(ay/ﬂulh.in which Ry = 13.6 ev.su] is
.r. inner-shel’ excitatioﬁAenergy. and f is the osc\iﬁator strength of the

cransition, we can estimate the square of the matrix élements of Eg. 11 as

3
4 18
1<iop>1? = (2 )2 —fﬂ!’-—) (18)
' (ﬁAU)_jﬁwj)
. :th the atomic electric field denoted as Ea = e/az.
We now provide bounds for (Ezlia). A high estimate, Ezlza = 1.4, is
‘erived if we assume an oscillating charge of 2e at 2w, corresponding to

the parameters P, = p, = P, = 1/3 for the six 5p electronsjvand a mean
! 2

distance of 1.2a°-be;ween the outer- and inner-shell. The latter is an -

18

orsely, a low estimate of t,/E, = 0.17 is obtained if we scale the




static shielding field calculated in Ref. 18] (Fig. 1), around the position of

the paak density of the 4d shel) '(o.'sao) with P, = 173. We belteve.that a
beitor estimate of this quantity is the highest theoretical priority and its
exoar imenta) determination- is the most significant means for a compdrison of

theory and experiment. Fortunately, in the case of xenon, the structure of

d]O 25,26

the esxcited levels of the 4 shg]l is well known. We have to

consider in Eq. 18 two different classes of terms, namely, (a) those in the

continuum with f = 11 and oy ~“3563ev and (b) one reso;;nt level at 65.1 eV !

cov:sponding to the 4d]°5525p6 > 4d95525p2(205/2)6p transition with f = 0.02. :

The latter transition can experience shifts due to outgr—shell ®vacancies® and 3
the (shielded) external field. Taking the higher estimate for Ez. we get .

for l<|Ul>|2 = 0.29 with the continuum as the intermediate state and

|<IUI>I2 = 7.6 for the resonant level which corresponds to 10 photohs

absorbed. The latter value simply signifies that this particular step of the
transition is saturated and that the appropriéié magnitude to use is unity.:

The simplest kind of perturbation céizsiation relates the probability of.
inner-shelt jonization P (Auger) to that of the absorption P(4us) corresponding to
the absorption of four photons by a single electron, an outer-shell "above

- . threshold" fonization process.23 with the latter being calculated in lowest
order perturbation theory. In this comparison, we assume that both these
prcc~;ses have the same density of final states, and the same bound-continuum
mat-ix elements. This ratio then reduces to a product of four expressions of the
type }<|U|>|2. Using the estimates given in the previous paragraph, we obtain
for .the ratio of probabilities, P(Auger)/P(4w) = 0.15. The magnitude of this ratio

. 1@91cates that an appreciable fraction of the absorbed energy can be channeled
< 2 _

into Lhe excitation of inner-shell states.
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In this letter a theoretical framework has been grosented that allows the #éé
calculation of the probadbility of inner-shell excitation that arises when an(’
cuterrshell of an atom is driven coherently by a strong, non-resonant
electromagnetic field. Naturally, in future analyses, it is important to

3 ey

examine more thoroughly the range of physical conditions” necessary for the

validity of the central assumption of this work, namely, the existence of a

coherent multi-electron excitation of an atomic outer-shell. For this

Ve

question, TDHF calculations can set a 1imit. In the regime for which those
ca]cu]ations';;;afct single electron_exc{faiions. in particular, close to a
resonance, no coherent excitation wiil occur in a real atom. Of course, the
residual interaction among the outer-shell electrons represents a mechanism
for damping of the coherent motion that requires further investigation.
Alinough a theoretical framework is known?7+28 \hich can be used to appraise

ihose effects, the calculation falls outside thie“domain of TDHF theory.
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Anomalous Collision-Free Multiple Ionization of Atoms
with Intense Picosecond Ultraviolet Radiation

T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger, and C. K. Rhodes
Department of Physics, University of Illinois at Chicago, Chicago, Illinois 60680
(Received 27 April 1983)

Collisionless multiphoton absorption, resulting in multiple atomic jonization and ex-
hibiting anomalously strong coupling, has been studied in the region spanning atomic
number Z = 2 (He) to Z = 92 (U). The highest fon state identified is U'™, corresponding
to absorption of 99 quanta (~ 633 eV). Models of stepwise ionization using standard theo-
retical techniques are incapable of describing these results. A mode of interaction in-
volving radiative coupling to a collective motion of an atomic shell is proposed.

PACS numbers;: 32.80.Kf, 32.80.Fb, 33.80.Kn

The availability of spectrally bright picosecond
ultraviolet light sources enables the study of non-
linear coupling mechanisms in that spectral range
under experimental circumstances unatffected by
collisional perturbations. In this Letter, the re-
sults of the first experiments examining the
atomic-number dependence of processes of mul-
tiple ionization of atoms X with intense (< 10** W/
cm?) picosecond 193-nm radiation under collision-
free conditions are reported.

The general physical process studied is

Ny+X-X*+ge" 1

for which observed values of Nand ¢ range as
highas 99 and 10, respectively. Of particular
significance is the behavior of the amplitude for
Reaction (1) as a function of atomic number (2).
Accordingly, the response of materials spanning
the range in atomic number from He (Z=2)to U
(Z=92) has been measured. Similar processes
involving the irradiation of Kr at 1.06 um have
recently been described by L’Huillier ef al.,* in
addition to other studies concerning the charac-
teristics? of Xe and Hg,

The experiments reported herein exhibit two
salient features. These are (1) an unexpectedly
strong coupling for extraordinarily high-order
processes, and (2) a coupling strength which is
dramatically enhanced at higher Z values,

The experimental arrangement used to detect
the production of the highly ionized species con-
sists of a double-focusing electrostatic energy
analyzer (Comstock) operated as a time-of-flight
mass spectrometer. The analyzer is positioned
in a vacuum vessel which is evacuated to a back-
ground pressure of ~10™ Torr. The materials to
be investigated are introduced into the chamber
in a controlled manner at pressures typically
from~3x1077 to 10" Torr. The 193-nm ArF*
laser used for irradiation® (~10 psec, ~4 GW) is

focused by a f=50-cm lens in front of the en-
trance iris of the electrostatic analyzer, pro-
ducing an intensity of <10'* W/cm? in the experi-
mental volume. The number of atoms in the focal
volume is estimated to be ~10* at 10 * Torr.
Therefore, any ion produced with a probability
less than ~10* cannot be detected without ex-
tensive signal averaging. Ions formed in the
focal region are collected by the analyzer with
an extraction field in the range of 50-500 V/cm
and detected with a microchannel plate at the exit
of the electrostatic device,

Representations of the experimental results are
given in Figs. 1(a) and 1(b) and Table L. Figure
1(a) shows a sample of typical time-of-flight ion
current data for Xe, Table I contains the normal-
ized relative abundances of the observed ion
charge states for Xe, derived from Fig. 1(a) and
uncorrected for detector sensitivity. Experiments
indicate that the detector is about four times as
sensitive for Xe*, Similar data have been record-
ed for He, Ne, Ar, Kr, I, Hg, and U. In Fig.
1(b), the observed ions and the total energies re-
quired for their generation in the electronic
ground state are given.

A remarkable feature of the data is the magni-
tude of the total energy which can be communi-
cated to the atomic systems, especially for high-
Z materials. The total energy investment*” of
~633 eV, a value equivalent to 99 quanta, needed
to generate U'°* from the neutral atom, with ne-
glect of the small contribution associated with
molecular binding® in the experimental material
UF,, represents the highest energy value reported
for a collision-free nonlinear process. The re-
moval of the tenth electron from uranium, which
requires® ~133 eV if viewed as an independent
process, requires a minimum of 21 quanta. The
coupling strength implied by this scale of energy
transfer at an intensity of ~10'* W/cm? very sub-

110 . ’ : © 1983 The American Physical Society -
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“(G. 1. Data concerning multiple ionization of atoms
‘5z 193-nm {rradiation at ~10" W/cm?. (a) Inset:
“+ ical time-of-flight ion current signal for xenon.
i1 Plot of total fonization energies of the observed
~arge states as a function of atomic number (Z).

siantially exceeds that anticipated from conven-
t:nal theoretical formulations describing multi-
aaantum ionization,

#gide from the magnitude of the observed ex-
>."rtion energies, the general and strong tendency
for increased coupling for materials heavier than
argon and the similarity in the response of I and -
v, for which the maximum charge state ob-
<. rved in both cases corresponds to complete
::38 of the 5p shell, are significant. An examina-
:.on of the ionization energies*® for the species
involved fails to suggest any consistent picture
for this behavior. For example, the ionization
of the second electron from He, which is not de-
:cted, requires an energy of ~54.4 eV, a value
less than that necessary to remove the fifth elec-
:ron from Xe., We are led to the conclusion that
some factor other than the magnitude of the ioni-
zation potentials corresponding to the different
species, or equivalently, the order of the non-
linear process, governs the strength of the coup-
ling.

An explanation based simply on the density of
states is also unconvincing., A comparison of the
rreited-state structures*'? for He and Ne quickly
shows that the density of levels for Ne is very
‘arge in comparison to that for He, but only singly

3

TABLE 1. Charge-state distribution of xenon derived
from Fig. 1{a).

Relative abundance

Charge state
1+ “
2+ 26
3+ 20
4+ 7
5¢ 5
6+ 1

ionized species are observed for both materials.
Likewise, the comparison of Xe and Hg leads to
the conclusion that the density of states is not a
key factor in determining the coupling strength.

Conversely, all the conspicuous characteristics
of Fig. 1(b) can be consolidated if the shell struc-
ture of the atom is the principal physical prop-
erty determining the magnitude of the coupling,
The considerable change seen in the atomic re-
sponse observed between Ar and Kr implicates
a role for the 3d shell which is filled in that re-
gion. A very similar variation between Ar and
Kr, that has been observed in the amplitude for
single-quantum multiple photoionization,! has
been attributed to correlation effects ariging from
the d shell. A significant shell-dependent effect
is also suggested by the comparative behavior of
I and Xe, since complete removal of the valence
5p shell is observed in both cases although the
total energies required differ substantially. We
note that I and Xe exhibit similar and umusually
intense 4d absorptions'*!? in the region ~100 eV,
strongly implicating correlated!!'® motions in
that shell.

The most elementary mechanism that could lead
to the production of the observed ionic charge
states is the stepwise removal of the individual
electrons by conventionally described multipho-
ton ionization. A given charge state (e.g., Xe®)
then requires the generation of all lower charge
gtates, thereby linking the probability for its
occurrence directly to the rates of production of
these other species. The appearance of Xe*
would require a sequence of 2-, 4-, 6-, 8-, 10-,
and 12-photon processes of ionization,

The probabilities for multiphoton transitions
calculated with standard perturbative approaches'’
and procedures valid in the high-field limit'® have
been discussed for single-electron systems.
From these calculations, it can be shown that,
at the 193-nm intensity of ~10'* W/cm? used in
these experiments, the transition rates for N-
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phaton proceésses decrease very rapidly with in-
creasing N. An estimate shows that for N=3,5,7,
the relative transition probabilities scale as
1:~107%:~10"% On this basis, the expected ionic
distributions should decrease very sharply to-
wards higher charge states, Indeed, the abun-
dances of ions in charge states ¢ > 3 would fall be-
low the detection limit of the apparatus used. It
follows that the results obtained from single-
electron models for multiquantum processes of
this nature do not represent the observed experi-
mental findings involving charge states ¢> 3.

This conclusion holds for all materials studied
that are heavier than Ar. Conversely, inspection
of the experimental data indicates that the low-2
materials, essentially up to Ar, exhibit behavior
in reasonable accord with that predicted by con-
ventional theory. This interpretation can be rec-
onciled with the presence of two different coupling
mechanisms, one dominating in the low-Z region
and the other providing enhanced coupling in the
higher-Z materials., From our data, the division
between these two regimes appears to occur be-
tween Ar and Kr.

The very substantial underestimate provided by
standard theoretical models of the coupling
strength observed and the envelope of the Z de-
pendence both conspire to support an interpreta-
tion involving an alternative mode of coupling.
The enhanced and anomalous strength of the radi-
ative interaction points to a collective response
of the atom. Such a collective response, or
atomic plasmon,'® is anticipated to be favored in
the outer subshells of high- Z materials for which
the correlation energy becomes a more substan-
tial fraction of the total electronic energy.*?°
The coherent motion envisaged has a counterpart
in nuclear matter known as the giant dipole,® al-
though giant multipoles higher than the dipole are
known,#?

All aspects of the experimental findings can be
unified if an important mode of nonlinear coupling
involves a direct multiquantum interaction with
an atomic shell which undergoes a collective re-
sponse, In this picture, it would follow naturally
that the shell structure of the material would be
reflected as an important property governing the
coupling to the radiation field. Collective inner-
shell responses have been discussed in relation
to processes of single-photon ionization.?® It is
generally found that in cases for which the elec-
tronic correlations are important, the single-
particle spectrum is very greatly altered, lead-
ing to a collectively enhanced many-electron pro-

1n
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cess. In this regard, the xenon 4d'° shell**® and
the lanthanides®® have been studied extensively.
Recent analyses of collective responses in atomic
and molecular systems have been given by Brandt
and co-workers,?’?* Wendin,'*!%% and Amusia
and co-workers.'>° The results of our current
studies simply indicate a nonlinear analog of this
basic electronic mechanism. In the present ex-
periments, the implication of the d-shell electrons
seems particularly strong given the sharp change
in behavior seen between Ar and Kr. Naturally,

f electrons® would be expected to behave similar-
ly, a consideration that clearly motivates study
of the lanthanide sequence. Finally, the spatial
dependence of the self-consistent fleld experi-
enced by the atom?® is expected to give rise to a
complex Z dependence of the atomic response, an
aspect that may be related to the relatively low
value of maximum energy indicated in Fig. 1(b)
for Hg.

In summary, studies examining the nonlinear
coupling of intense ultraviolet radiation to atomic
systems, spanning the atomic number range Z
=2 to Z=92, reveal several important character-
istics of this interaction. It is concluded that the
conventional treatments of multiquantum ioniza-
tion do not correspond to our experimental find-
ings for high-Z materials, The essential findings
are (1) an unexpectedly large amplitude for col-
lision-free coupling, (2) a strong enhancement in
the coupling strength for the heavy elements, and
(3) the inference, based on the atomic-number -
dependence and the anomalous coupling strength,
that a collective motion of d and f shells may
play an important role in these phenomena, With
this physical picture, selectivity in the popula-
tion of excited ionic states is expected on the
basis of photoelectron studies,
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Win been experimentally explored up to a maximum intensity on the order of ~10" W/cm?. Studies of
N collision-free ion production clearly exhibit anomalous behavior which strongly implies that the
"oy atomic shell structure is the principal determinant in the observed response. On the basis of the ob-
Lo served coupling strength and the measured atomic-number (Z) dependence, the experimental evi-
oot dence points to0 a coherent atomic motion involving several electrons, possibly an entire shell, as the
L7 main physical mechanism enabling the scale of energy transfers scen. Therefore, states representing
N multiple excitations appear to play a central role in the coupling, a consideration that fundamentally
AN distinguishes the nonlinear interaction of a multielectron atom from that of a single-electron system.
- Comparison of the experimental findings with standard theoretical treatments, of either a perturba-
W tive or nonperturbative nature, docs not produce satisfactory agreement. Conversely, the formula-
" Jion of a simple classical estimate qualitatively conforms to several features of the observed behavior
e including the shell character of the interaction, the maximum energy transfer, tie dependence of the
_J - average energy transfer on the intensity of irradiation, the frequency dcpendenoe of the observed en-
o ergy transfer, and the weak influence of polarization.
e
ol
€
I. INTRODUCTION ted significantly superior mass and charge discrimina-
tion.® In this case, the isotopic signature of heavy atoms
The initial studies’? of the Z dependence of collision-  was readily distinguished.” This aspect provided a clear
free multiphoton ionization of atoms at 193 nm clearly  identification of the signal and enabled unambiguous
exhibited anomalous behavior in terms of the gross rate of . separation of the desired ion current from any spurious
energy transfer. The general class of physical processes  signals originating from the background gas.
S studied was Figure 1 illustrates the characteristic isotopic pattern
O Nyt XX+ 4 a0 - " observed for Xe’*. Note the close correspondence of the
rr Y+A—AT"4ge" . (1) - individual isotopic peaks to the strengths expected on the
. A prominent feature of these studies was the unusually ~ besis of the isotopic natural abundance.'® Under typical
o strong nonlinear coupling found characteristic of certain eJ.(penmcntal conditions, the ions f°""°‘_j in the focal e-
J heavy materials such as Xe and U. In the case of U, the ~ 8ion were collected by the analyzer with an extraction
o maximum observed values of N and g were found tobe 99 fild in the range of 1005000 V/cm, and a microchanncl
'_'._ and 10, respectively. By comparison with theoretical ap- plate chated at the exit of thc time-of-flight rcglqn served
k- g proaches based on perturbation theory,’~" these experi- 35 the ion dctec'tor. In addlﬂqn, a laser-evaporation tech-
.‘F-;.. ments clearly demonstrated that standard theoretical tech-  Nique has been incorporated” into the apparatus to.enable
1 _,_,; niques were incapable, by a discrepancy as great as several the study o_f clements, such as the lanthanides, which are
.. orders of magnitude, of describing the observed results. 1Ot conveniently available in gaseous form, and prelimi-
AN Subsequent work,® conducted at a wavelength of 1.06 um,  hary experiments involving Eu and Yb have been conduct-
. has confirmed the anomalous nature of the coupling ed.
strength.
:":; I1II. EXPERIMENT RESULTS ON ION PRODUCTION
M ERIMENT
e 1. EXF AL CONSIDERATIONS The basic information obtained by observation of the
;“‘ For the studies of multiple ionization conducted since  ion spectra pertains to the scale of the energy transfer, for
o the earlier studies"? were completed, the 193-nm ArF*  both average and peak values, communicated to the target
- laser used for irradiation’ (~5 psec, ~3 GW) was  atom X by the radiation field. An examination of the Z
.-_“:. focused by an appropriate lens to generate intensities in  dependence of the average energy transfer is informative.
S the range of 10'°~10"7 W/cm? in the cxperimental  Figure 2 illustrates the dependence observed at 193 nm for
i volume. In order to produce the highest intensities used,  an intensity of irradiation in the range of 10'°—10'¢
i an £/2 aspheric focusing element was necessary. Theions~ W/cm?. The comparison in the average energy absorbed
e are created in a vacuum vessel which is evacuated to a  for the adjacent elements, I (Z =53) and Xo (Z =54), is
5 background pressure of ~10~? Torr. remarkable. This difference, which is approximately a
‘E"‘C In contrast to the earlier work,"? the ion analyzer hada  factor of 4, cannot reasonably be attributed to experimen-
W greatly extended time-of-flight drift region which permit-  tal error, since only the strong, easily registered ion-signal
= - - i - 32. 214 ©1985 The American Physical Society __
o e e N T e e

Fa .r_'.-_._. .(,\.,-\"'- o~ -r

‘\‘\"\

*3"“\\'-'. ..~

“ oS ..\ '(\ .,)D o



e wgveE TE TEV e TN I

-

-

-

Lo 4 -
(14 1 IO PREE MUL TIPLE PHOTON JIONTZATION OF .. s

SUICIT SUCTRA OF 5o CUARE FTATES CBRERVED POR Xo 87 ong o **

—

]
é
1
-
-
- w—iors . .
" -
reercine
M
L]
A S
s . o Mnotis wuts e cigpiin et ¢ wengared oud Ae sters. sbasmdance
. cr e e lew e seretlesitne st wpene s sowmernte b wem alwntaed
. - e .. SEgemr W led o peggr v Wi Mhm’“ l-:"ol;
e e S e e aestms DT e stewewtt Buails sieve ms wnnd o the 1mitael
O D SO S S, -—a C el e e tewm for wmm w (Buatrated
v ra - rg " e cow e o Do shees prevemxce of aght
- evgptgpiee | SEEPPSREP § gy swen N liw e f e8wd wrv wm o have ap
C e Wh e e ecamteen werasmeatedy  ccompam-sitis wndsess As ceerall e
- o mave wt WTheegmern --udh-woo.“'-—‘.m"“‘ As
Sk wee e ey ety - wrranmerms w e lgun 26 necsun dusrvad vy
cartion woe w o swe of @vrsd hunired dhutra volts
" W e ...n-..
. - . 4
] ! H
- b :/:
tod
t i
[ |
; ‘ , r.
- > e
" - LN
. - - — v g e gt o et adbaned o




. . -65- i .
216 LUK, JOHANN, EGGER, PUMMER, AND RHODES - ) 7]
700[ or '
s v
e - - P
~ eoo}
o .
w
&
8 800 Xe |
[ ] —
<
5 o0 o I
' « Ar 7+
w 8+ 1 H
Z T Ke g 6t
w 300} . £
< H 0 i
O 200 B b
— | - a Ho* |
” -
1oor Ne | | — |
He' [ | ~T1 ~—
B! = = =
2 10 18 36 5364 63 70 80 92

ATOMIC NUMBER 2

FIG. 4. Data concerning the multiple ionization of atoms for irradiation at 193 nm.. Plot of total ionization energies of the ob-
served charge states as a function of atomic number ( Z). 5;I’* was not positively identified because it coincides with an H,0* back-

ground signal. -

for the heavy materials. In the earlier experiments' con-
ducted at ~ 10" W/cm?, an examination of the ionization
energies'>!? of the species involved failed to suggest any
consistent picture for the understanding of the stages of
ionization produced. Furthermore, the subsequent work
reported herein shows that this situation continues to exist
at intensity levels as high as the 10'—10'” W/cm? range.
For example, the ionization of the second electron from
He, which is not detected, requires an energy of ~54.4
eV, a value less than that necessary to remove the fifth
electron from Xe, a process which is clearly seen. We are
led to the conclusion that some factor other than the mag-
nitude of the ionization potentials corresponding to the
different species, or equivalently, the order of the non-
linear process, governs the strength of the coupling.
Clearly, this strong variation in coupling strength cannot
be explained by standard perturbative and unperturbative
theories.

Another clear characteristic of these data is the shell
dependence manifested in the behavior of the heavier rare
gases. For Ar, Kr, and Xe, the maximum charge states
observed would correspond to the complete removal of
atomic subshells. For these materials they are the 3p, the
4p and both the 5s and 5p shells, respectively. Similarly,
if the I’* signal is present under the H;O* peak, then
that also implies complete removal of the 5s and 5p
shells. ‘

The hint provided by the role of the shell structure
described above led to the hypothesis that it was mainly

the number of electrons in the outer subshells that
governed the coupling. A measurement of the response of
clements in the lanthanide region, with the use of a
method involving laser-induced evaporation to provide the
material, enabled this view to be checked. As one moves
from La (Z =57) to Yb (Z=70) in the lanthanide se-
quence, aside from slight rearrangements involving the Sd
shell for Gd (Z =64), 4f electrons are being added to in-
terior regions of the atoms. The data illustrated in Fig. 4
for Eu (4f76s%) and »Yb (4f'*6s?), which differ by
seven 4f electrons, indicated that these inner clectrons
play a small role in the direct radiative coupling, a fact
that is in rapport with the observed dependence on the
outer-shell structure.

The intensity dependence of these ion spectra, corrected
for the relative sensitivity of different charge states,'* has
also been examined, and Fig. 5 illustrates the nature of
this response for xenon. Over the range of intensities
studied (~10'*—10'" W/cm?), higher intensity translates
generally into an increased yield of ions of a particular
charge, although not necessarily an increase in the max-
imum charge state observed. For example, the ion
saXe**, with ground-state!® configuration 4d'%, is the
greatest charge state detected at ~10'® W/cm?, and al-
though its abundance increases at ~10" W/cm?, no
s¢Xe’* appears at the higher intensity. The average ener-
gy communicated to the atom also increases at the higher
intensities, although clearly not as rapidly as the intensity.
In the case of xenon, as shown in Fig. 5, the average ener-
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FIG. 5. Relative abundance of charge-state distributions ob-
served in the ion spectra of xenon in the intensity range
10"—-10"" W/cm? at 193 nm.

gy increased by only approximately a factor of 7 when the
intensity was increased 100-fold. It is important, howev-
er, to be aware of the experimental uncertainty involved in
the intensity dependence, since low-charge states can be
disproportionately produced in the outer regions of the fo-
cal volume. This particular effect is expected to be some-
what more significant for materials, such as Eu and
YD), which can be ionized by a single 193-nm photon.
Nevertheless, the data illustrated in Fig. 5 clearly show a
relatively weak intensity scaling for the high-order (N)
process that produces the higher-charge-state species ob-
served.

Several existing types of nonperturbative calculations
predict a variety of different laws governing the intensity
(I) scaling of the transition probabilities. For a field
strength comparable to or greater than the binding field
E, of the electrons, Pert'® and Mittleman'’ derived
I7'2i1n(1/1,) and a I,/N*I relationships, respectively,
in which I, represents the intensity corresponding to the
value of the electronic-binding field E,. Moreover, under
conditions for which the radiative-field strength is small
compared to the electronic-binding field E,, Keldysh'
obtained a I'/* scaling. Furthermore, for the experiments

" under consideration, it is not apparent that the analyses of
- Pett' and Mittleman'” can be validly-applied te the pro-

duction of the higher observed charge states, since the in-
tensity [ is much less than the corresponding I, for those
species. Finally, we note that, in the weak-field liillit cor-

» - ‘4. - -\ . -
“~ > \’:'f:"t.
8, !I' i 2LBCI M R R e

responding to applicability of the Keldysh'® approach, the
model predicts a substantial abundance of He?*, a con-

. “clusion that stands in coutrast to the experimentally ob-
" served absence of this charge state.

The frequency dependence of the coupling has also been
examined by comparison of our results at 193 am with
other studies performed'*® at 1.06 um and 0.53 um. The
comparison, conducted at an intensity of ~10'* W/cm?
for both krypton and xenon, indicates that the average en-

ergy absorbed is reduced at the longer wavelengths. Fig-

ures 6 and 7 illustrate these comparative differences for
krypton and xenon, respectively. -
The influence of laser polarization has been studied for
xenon. With the use of a quarter-wave plate, the lincarly
polarized radiation normally produced by the 193-nm
source’ can be conveniently transformed into circularly
polarized radiation. The ion spectra observed for xenon
were found to be negligibly modified by the change from
linear to circular polarization. This result is in contrast to
that expected on the basis of perturbation theory analysis’
in the singlerelectron picture of the interaction. In that
case, for high-order processes, the much greater abun-
dance of available channels for linear polarization pro-
duces a substantially greater ionization rate in comparison
to that characteristic of circular polarization. Nonpertur-
bative treatments?! also indicate that greater ionization
rates are commonly associated with linear polarization.

0

10’}

1wl

0N SIGNAL

L[] .

FIG. 6. Comparison of charge-state spectra observed for
krypton at an intensity of ~10" W/cm? at 1.06 um and 193
nm. The data shown for 1.06 um irradiation is taken from Ref.
19, -

4 CHARGE STATE




v e—
(08 bl Tt bR by g N2 .

N3

P YAARALA

v
- -
(Ve

FREQUENCY DEPENDENCE ~10"'W/cm®

id‘ ™~ x.

10

IOH  GICKAL

L1 ot

1 1 1 1 1 i
1 2 3 4 L] [}

CHARGE
STATE

FIG. 7. Comparison of charge-state spectra observed for xe-
non at an intensity of ~10" W/cm? at 0.53 um and 193 nm.
The data shown for 0.53 um irradiation is taken from Ref. 20.

We comment further that, at sufficiently high-
electromagnetic fields, all angular momentum states be-
come accessible,? a fact that will certainly alter the polar-
ization dependence.!’

IV. DISCUSSION OF RESULTS

A. Ion production

In broad terms, we now discuss and interpret these ex-
ierimental findings. In the data represented in Figs. 2, 4,
wnd 5, two salient characteristics exhibited by the experi-
ments involving ion production are (i) the large coupling
strength for heavy materials and (ii) the sharp variations
present in the average energy transfer as a function of Z,
such as that illustrated by the comparison of iodine and
xenon in Fig. 2.

Qualitatively, several aspects of the basic interaction
‘merge clearly. With reference to xenon, for example, a
100-fold increase in 193-nm intensity from ~ 10'3—10"
W/cm? does not drastically increase either the maximum
charge state observed or the average energy transferred.
Over this range of intensity, the charge state ¢ advances

from g =6 to 8, and the average energy transferred in the.

interaction increases by spproximately a factor of 7.
‘¥ithin the experimental uncertainty over this range of in-
"cnsity, the average energy appears to grow approximately
‘inearly to the magnitude of the radiative electric field, a

d‘;“vf vf - .
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fact we comment on further below. Furthermore, since
the charge state does not increase beyond the apparent re-
moval of the full 5p and 5s subshells, tentatively we can
conclude that the n =5 shell is an important agent cou-
pling the xenon atom to the 193-nm radiation field. It is
also known, however, particularly from photoionization
studies involving multiple-clectron ejection,”?* that the
5p, Ss, and 4d shells exhibit substantial intershell cou-
pling and behave in a collective fashion in a manner
resembling a single supershell.® In this connection it is
also known that the spatial dependence of the self-
consistent field?® experienced by the atom is expected to
contribute to the Z dependence of the atomic response.

In this picture, the increase in multiphoton coupling
strength results directly from the larger magnitude of the
effective charge involved in the interaction. In this way, 2
multielectron atom undergoing a nonlinear interaction
responds in a fundamentally different fashion from that of
a single-clectron atom.'®?2* This interpretation involv-
ing a collective atomic response with several coupled
atomic shells is exhibited most prominently for Xe, but is
also apparent in the nature of the Ar and Kr spectra.

We now briefly consider the magnitude of the coupling
strength. A strong implication of the studies reported ini-
tially' and noted above, and which is reinforced by the ad-
ditional data illustrated in Figs. 2 and 4, is that the
atomic-shell structure is a principal determinant in the
atomic response. Indeed, all the conspicuous characteris-
tics of the experimental findings can be consolidated by
this single principle. Surprisingly, the order N of the non-
linear process appeared as relatively unimportant. Furth-
ermore, the data strongly indicated that a collective
response of an entire shell, or a major fraction thereof,
was directly involved in the nonlinear coupling. Collec-
tive responses of atomic shells, as noted above, have been
discussed in relation to the mechanism of single-photon
photoionization. The present studies simply point to a
nonlinear analog of this basic electronic mechanism.
With this picture, the outer atomic subshells are envisaged
as being driven in coherent oscillation by the intense uitra-
violet wave. Of course, such a model can only be valid if
the damping rate, presumably by electron emission, is suf-
ficiently low. Consequently, that assumption is naturally
implied in this description. We note that an oscillating
atomic shell, quantum mechanically, would be represented
by a multiply excited configuration. The simplest exam-
ples are doubly excited levels of the type commonly ob-
served in the extreme ultraviolet spectra of the rare gases
such as argon.”? Naturally, higher stages of multiple exci-
tation can be considered such as those discussed in the
context of planctary atoms.®. Therefore, if this type of
description is a valid representation of the radiative cou-
pling, then it would follow that multiply excited configu-

rations would be prodigiously generated and, therefore, be
prominent features in any excited-state populations pro-
duced. We shall see below that additional evidence sup-
ports this interpretation in the case of xenon and krypton.

Within the framework of the above picture, it is possi-
ble to make a simple estimate of the energy absorbed by
an atom and the corresponding scaling law describing the
intensity dependence. For this we imagine an atom com-

- " a
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+ posed of two parts: (i) an outershell of n electrons driven
by the radiative field at frequency v and (ii) an atomic
core. The outer electrons could, through “inelastic col-
lisions” at frequency v,, transfer energy to the core. As-
suming a mean free path 5 for the electrons between two

work done by the radiative field between two collisions is
neES. The total energy transferred to the core during the
lifetime 7 of the highly excited atomic configuration
represented by the coherently driven outer shell is then
givenby -

neE bv, r=#w, (2)

Here, this energy is written in the form of a quantum with
magnitude Aw,. Using Sv, =v and estimating the average
velocity v by equating the kinetic energy of an electron
with the potential energy lost between two collisions

ymv=eES , 3

one obtains for the optical electric field

w3
1

e

m/26 4)

nr

As an example, if we take #iw, =1 keV, n =6 representing
a closed p shell, 5=0.1 A and 7=10"" sec, then
E =2.0x10° V/cm corresponding to an intensity
I=10" W/cm’.

The value taken for the mean free path § requires some
discussion. It is predicted on the mean free path associat-
ed with the scattering of an electron, having an energy
considerably above the Fermi energy, interacting through
a screened Coulomb potential in an electron gas. The
cross section oq for this process, estimated, for example,
in the case of sodium,”! by Pines,’? to have a value
0o~ 17wad, in combination with the electron density p,
characteristic of the xenon n =5 shell, yields a scale
length §~(p,0p)~'~10~° cm. Interestingly, if we exam-
ine the data for xenon in Figs. 4 and 5, we observe that
the maximum charge state Xe*+, which corresponds to
~450 eV total energy,’’ was seen for an intensity in the
range of 10'~10"7 W/cm?, figures not far from those
represented by Eq. (4). Finally, since Eq. (4) is indepen-
dent of the frequency v, a weak dependence on frequency
is expected. As shown in Figs. 6 and 7 frequency does not
appear to exert a strong influence on the average energy
transfer. Certainly, no quantitative accuracy can be
claimed for the estimate made above; its only significance
is that the general nature of the atomic response and the
qualitative scales of the physical quantities, for what ap-
pear to be reasonable choices of atomic parameters, are
roughly that observed in actual experiments.

It is informative to consider the case representing the
high-intalsity limit.'*2 At an intensity of ~10Y
W/cm?, which we anticipate will be available soon with
(hemeofsubpteoseoond rare-gas halogen lasers, thcpenk
ultraviolet electric field is more than tenfold e /a, 3o that
Joosely bound outer electrons can be approximitely
modeled as free particles. lnthlsase,thepmblem
reduces to that of the acceleration of electrons in focused
laser fields,’ an issue that, incidentally, is related to the

collisions, and for large collision frequencies (v, > v), the

T P P N o R T T T T T T T TS T v ™
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acceleration of cosmic rays by rotating neutron stars.*
Simple estimates indicate that for intensities of that mag-
nitude, the outer electrons would approach relativistic ve-
locities ( ~50—80 keV) and that oscillating atomic-current
densities on the order of 10"—10 amp./an* could be es-
tablished as a resuit. Actually, in this high-intensity limit
it appears to be possible to estimate the coupling of the
coherently driven outer clectrons with the remaining
atomic core by a relatively simple procedure. Since the
electron-kinetic energies are considerably above their cor-
responding binding energy, it :Ppenn possible to use a
first-order Born approximation™ in a manner similar to
that used to the study of electron collisions for K- and L-
shell ionization’ and shell specific ionization processes in
highly charged ions. 338 Indeed, in the case of xenon
ions, cross sections for electron-impact ionization are
available.® It also seems possible to account for the tran-

sition from adiabatic to sudden excitation of core elec-
trons with a rather simple procedure.

The results illustrated in Fig. 2 indicate a complex and
rapidly varying Z dependence for heavy materials. It has
not been possible to formulate a reasonable explanation of
this behavior solely on the basis of the systematics of
valence-shell properties.">® These results again point to
the significance of intershell couplings. Such couplings
are manifested in an obvious way, for example, in Coster-
Kroning processes.!! Indeed, if we consider, as specific
cases, giant Coster-Kronig (GCK) processes of the type

nsg—snp’nd,ed (5
and super Coster-Kronig (SCK) processes like
np—mfef, (6

it is well established that strong perturbations*’ are
present and that the single-electron picture seriously
breaks down.*’. These processes are sensitive to systemat-
ics of the shell-encrgy levels and, therefore, can exhibit
sharp variation in their dependence on atomic number. In
particular, many-electron effects are prominent when
there is a degeneracy between single- and double-vacancy
states that are strongly coupled. These reqmrements are
commonly fulfilled and strong collective behavior arises,
for example, in single-photon photoionization.24:43 Sig-
nificantly, in comparison with the results illustrated in
Figs. 2 and 4 these effects are known to be of impor-
tance*>*¢ over certain regions of the atomic number from
argon to the heavier part of the Periodic Table. A partic-
ular case involves double photoionization of Ga in the en-
ergy region near the 3d ionization threshold.*’

The degeneracies of single- and double-hole states occur
at particular values of the atomic number. Figure 8,
which was derived from calculations*® of neutral-atomic
binding energies performed with a relaxed-orbital relativ-
istic Hartree-Fock-Slater analysis, illustrates the region
from ,Cu to ,Zr. Near degeneracies in the n =3 shell
are indicated for ;,Ge, 3Kr, and ;;Rb. Moreover, since
the 3p and 3d orbitals both have their maximum charge
densities at nearly identical radii,”” strong coupling-be-
tween these subshells is expected to occur. Indeed, such
couplings are known* to produce discontinuous behavior
in the L,-and Ly, satellite fractions as well as in the
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FIG. 8. Atomic, relativistic ASCF single- and double-hole
levels [ur Cu 10 oZr. The energies were obtained from Ref. 48
and the figure has been adapted from Fig. 17 of Ref. 43 appear-
ing on p. 28. The arrows indicate the locations of near degen-
eracies between single- and double- vacancy states. Figure re-

printed by permission.

Ly /L, and Ly /L, intensity ratios as a function of
atomic number Z. The data illustrated in Fig. 9 convey
this effect for the L, features for atomic number in the
vicinity of Z =50. In this case, the observation* is con-
sistent with a critical atomic number of Z~50 for the
L-L3M s Coster-Kronig transition. The dashed line ap-
pearing in Fig. 9 is a theoretical curve related to the calcu-
lation of Krause et al.' The discontinuous behavior in Z
characteristic of the data shown in Fig. 9 has a striking
similarity to that exhibited in Fig. 2. Similarly sharp
variations in atomic number have been calculated in the
Auger width associated with a 2s vacancy.’? Interesting-
ly, it has been predicted®? that plasma-shielding effects
can have a strong influence on autoionizing widths by
causing an energetic closing of the channel for Coster-
Kronig transitions, although no such behavior has ever
been actually observed. For a 2s vacancy with an argon-
like configuration, a sharp change in the 2s width is es-
timated for Z =22 at an electron density of ~5x10%
cm™>. It should be possible to achieve such a plasma den-
sity, under controlled conditions, with the use of a_subpi-
cosecond- rare-gas halogen source. We note that several
informative accounts of vacancy distributions®® and the

- behavior of sutoionizing widths are available. >3} :
- Normally, relaxation mechanisms involving intershell

couplit g, such as Coster-Kronig and Auger processes, are
exper: = cntally observed by jnitially producing an inner-

ATEE VG, AT Y

LUK, JOHANN, EGGER, PUMMER, AND RHODES

R g U N N U L SU AL AL TR Wt LTS D L TP AT SR S TN
RO A ‘ AR SERSr Sy UL ._f-' ‘.'r".fr"-{','\ Ay -Af.xw"\-“." e .:1
y X ol ) X ; . Wad, o . (L o

-69= - _ -

14

FIG. 9. La satellite (LaY to diagram (La) line ratio as a
function of atomic number Z. The data are taken from Ref. 50.
The dashed curve corresponds to a theoretical treatment adapt-
ed from a calculation performed in Ref. 51. Figure reprinted by
permission.

shell vacancy which subsequently relaxes, generally pro-
ducing multiple vacancies and excitation in outer shells.
In principle, the initial vacancy can be produced with ra-
diative excitation,***’ electron collisions,®*** beam-foil
methods,® ion collisions,*’ and nuclear-decay processes
such as K capture.>%* To these alternatives, the results
of these experiments suggest that multiquantum processes
may now conceivably be added. Furthermore, the nature
of Coster-Kronig processes provides a hint at the mecha-
nism that could make this possible. In simple terms, this
can be viewed as a reverse Coster-Kronig process*® in
which multiple excitations in outer shells generate excita-
tions in more tightly bound shells. In this fashion we use
the term “excitation” in a broad sense to include both
bound excited levels and continuum states (vacancies).
For double and single excitations or vacancies, this mech-
anism is basically represented by the reverse reactions of
processes (S) and (6), namely,

ng—npnd,ed , (59

npe—nd Imf.ef . 6

Indeed, since these intershell couplings are sensitive to the
systematics of the shell binding energies, resonance ef-
fects*>® are expected in certain regions of atomic number
Z for the reasons stated above. In summary, the similari-
ty of the discontinuous character of the data represented
in Figs. 2 and 9 mentioned above plainly, although tenta-
tively, suggest a common origin for this general type of
behavior, namely, the possibility that the electrons in-
volved in the nonradiative relaxation of an atom in the
forward reaction (5) could, in the reverse process (5'), if
driv@a by coupling to a sufficiently intense radiation field,
generate a corresponding transfer of energy into an atom.
Finally, we comment on some aspects of this general
line of inquiry which deserve exploration. It is of natural
and fundamental interest to further examine.the proper-
ties of the ionization process (i) with different ultraviolet
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+ frequencies, specifically 248 nm, since it is readily avail-

ableathnghmmna,m)magmwnmuonmz.
particularly in regions for which the intershell

are believed to be large, and (iii) at intensities above 10"’
W/cm?. Studies of this nature, therefore, are obviously an
important element of our current activity. Examples of
specific materials which appear as promising candidates
for study are Ba, on account of the known*~*' sensitivity
of the 4f orbital to the state of ionization; the lanthanides,
on account of the unusual systematics associated with the
ﬁlhngoftheqahdlmdtheeffecuofeonﬁgunuonm-
teraction®™® prominent for certain members of that se-
quence; and o Th and 4,U, the heaviest materials™ avail-
able for practical study. Finally, since molecular binding
is known to have an influence on the behavior of inner-
shell transitions, sometimes with rather dramatic effects,
such as that known for the 5d-f absorption of uranium,”
a comparison of the ionization properties of certain
molecular and atomic species is planned.

B. Radiative properties

Measurements of emission produced by the highly ex-
cited states provide important information on the nature
of the coupling mechanism involved. Specifically, if the
interpretation discussed above in Sec. IV involving a col-
lective atomic response with coupled atomic shells has
any validity, detectable emission at short wavelengths or
energetic electrons would be expected.

Indeed, in a recent, although preliminary, experiment
examining the properties of the xenon ions produced in
the ion studies discussed in Secs. III and IV A which was
designed to detect extreme ultraviolet radiation, signifi-
cant levels of spontaneous radiation and/or energetic elec-
trons have been observed.™ The spectral width observed
in the radiation channel was determined by the 1500-A
aluminum filter (10—80 ¢V) used. The schematic of the
apparatus employed in these studies and the signal ob-
served are shown in Fig. 10. The signal occurs precisely
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intensity of ~10*—10" v
num filter and the lmcroch

! mngemem used to detect xuv radiation from highly excited atoms excited by 193-nm radiation at an
mL (® tuv signal observed from xenon in the 10—100 eV range with ~ 100-V bias baween the alumi-
-1 phte, some ringing of the detector circuit is evident.
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4 at the time of irradiation of the gas with the 5-psec 193- (i t ~10" W/em? . .
e am radiation, vanishes if the xenon flow is terminated, oo™ :cng;da :imsimfreimoond' sui':il::f exhibit
e and is not observed if the xenon is replaced by other ma- . hich imoli . .
o terials. such a8 on or b en. In to clim- anomalous behavnon: which implicate the atomic-shell
- 'nateamthe infl kry ofp! !dlthao‘t ‘:‘d" uced by structure as the principal determinant in the observed
. !  Intluence clectrons could be prod response. On the basis of the coupling strength observed
i photoemission from the surface of the aluminum filter and the measured' Z dependence, the experimental evi-
N facing the microchannel plate from reaching the detector, ;o0 ~oines to a collecti hevent penimental e
4 a dc electrical bias of 200 V was applied to retard the - poinis to & tve o stomic motion in-
Y ion of e moving in that direction. Some cvi- volymg seyeral electrons, possibly an entire shell, as the
b motion . . rection. : main physical mechanism enabling the scale of the energy
, dence of an electron-induced signal was observed if D0 | ore S eeer In quantum-mechanical lan states
‘ negative-bias potential Was used. Judging from the spec- ting multiole excitats guage,
y iral transmission and the electron stopping power of the rr:lpe thesm ltinpeexclu.' a.ppe:;ntoplayaemuﬂ
*"v 1500-A Al filter, we conclude that only xuv photons in disti tn te coupling, & cons tion tﬁ‘m."""m"y
0 . . . stinguishes the nonlinear interaction of a multielectron
1he region of 10—~100 ¢V and energetic electrons exceeding f hat of a &i
5 a few hundred electron volts could possibly contribute to ‘mc':)mm':ont :rit.hﬂ:m r::' sys ti?al' treatments of
oy the observed signal. This observation is consistent with nonli n::l:; of either perturbative or::nmm urb:-
the excitation of an inner-shell electron state, presumably tive nature, dos! In ot’ roduce a ent with thpactx .
o the 4d level in xenon, by atomic processes of the nature findi p gree . © expen-
) tescribed above. Significantly, recent experiments” ment‘al lnmqgs. Convers_ely. the formulation of a simple
: {nasurin the photoelectron s ’ tra under idp;:i cal ex- classical estimate qualitatively conforms to several
“4 . 8 PA pec _ features of the observed behavior. They are, with particu-
" perimental conditions have ruled out the presence of elec .
e . . . lar reference to xenon, the shell character of the interac-
" wcons with sufficient energy to produce the observed sig- ion. th . f
O nal. In addition, the photoelectron measurements’ reveal tion, the maximum energy tran_s <h t.h N dep.cndepc? of the
i" the presence of several lines in the xenon spectrum which ;venge energy transfer on the intensity of 'Mdr iation, the
_‘: closel.y. match thc'patten.l expected frorp Nys5-00 Auger ;::?:lcgu:lmge:ocl:nit:::. e;:rge:more,? t:n:ostt‘::
I ":;:::f::;::g::i w:;::j:ﬁ‘;"?:ﬂfggﬁ;:;ztg; lated Fhat.the sharp variations in Z noted for the heavy
o gein repared to determine the e'lectron and photon Spec- materials is due to a reverse Coster-Kronig mechanism in
ok o ogf ll)he  becrved cmission more sccuratel P PEC*  which inner-shell excitations are produced by interaction
g Another class of experiments, inten dz(.l to observe yvith multiply excited outer shells. These points naturally
¥ stimulated emission from highly excited states, has also imply Ehe exi.stcnce of a systematic trend in nonlinear
! 4 4-77 . . properties which extends throughout the Periodic Table.
- veen performed. In the experiment designed t0 0b-  yic Gould then constitute a principle of classification
- serve amplification in Kr in the extreme ultraviolet range, . appears (o bear some analogy to that developed ear-
" \ntense stm_mlated emission was detected on five transi- lier for electron potentials, binding energies, and electron
b {- tions spanning the range from 91.6—100.3 nm. An exam- scattering phase shifts.®
) ination of the linewidths and tuning behavior of these )
‘,'.' rransitions led to a possible identification of the upper lev-
"l;‘: >ls as autoionizing neutral levels involving both singly ex-
! cited inner-shell excitations’ and doubly excited configu-
:: rations.”’%77 This is the first indication of stimulated ACKNOWLEDGMENTS
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Al
::;.:n ABSTRACT
¥
- 1.2 enexrgy spectra of electrons generated by collision-free multi-

(L)
':‘ ) . . -~
:.::: photon ionization of Xe, Kr, Ar and Ne irradiated at intensities up to
'.‘.'l e
: ‘:0 ~ 10]" w/cm2 with picosecond 193 nm (6.41 eV) radiation have been studied
X .

. X with an energy resolution of %:50 meV. For the first time, the formation
AL )

‘S

4.)-? of mu)tiply charged ions by a sequential process of ionization has been

¥

T
::f-.:: directly detected in the electron spectra . by the observation of a

7 characteristic pattern of interwoven above threshold ionization (ATI)

j-: E ladde- line series. The appearance and relative intensity of specific

“
) _: electcon lines depends strongly on the presence of near-resonances and
: featur :; of the interaction involving the laser pulse shape, saturation,
'l'jn
'. and the shift of the ionization threshold arising from the influence of the
0' ;
:'. > ponderomotive potential. The experimental results are compared qualitatively
oh .
. with ¢,ta from ion time-of-flight experiments and with differing models of
o .

\f. multiphoton ionization.
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I. INTRODUCTION
wWith the development of spectrally bright infrared and ultraviolet

light sources in the last decade, it has.become possible to study the detailed

-

mechanism of nonlinear coupling of an intense laser field to isolated atoms
unaffected by collisions. Several experimentsl have been performed to

analyze the ion charge state production,z_s determine the electron energy

spec:t:z'um,s-9 and to measure the optical radiation emitted.4’10 For processes

. that occur under these conditions, one of the areas of substantial interest

involves the possibility of producing atomic excitations suitable for the
generation of stimulated emission in the x-ray range.lb

For a "weak"” laser field (intensity < 1011 W/cmz), the: coupling of radi-
ation to an isolated atom can be described fairly well within the framework
of lowest order perturbation theory (LOPT) in which only one electron at a

1,11

time is assumed to be involved in multiphoton ionization. However, for

17 w/cmz),uthe situation is poorly

much higher laser intensities (1012 - 10
understood and other coupling mechanisms involvifig many electrons may play
an appreciable role.

Experimentally, the electron energy spectra produced by radiation with
a quantum energy M» exhibit certain s&liént characteristics. A prominent
feature of the observed electron spectra is the process known as above threshold
ionization (ATI), a phenomenon associated with the absorption of a number of
photons N greater than the minimum value Noin required, on energetic grounds, to

produce ionization.7'12

when N > Nmin' the measured electron enerqgy spectrum
consists of a series of discrete lines each corresponding to the order N

with an energy separation of adjacent orders equaling the quantum Jw.
Purthermore, it is found that the electron lines are not significantly shifted

by the effect of the ponderomotive force.13 Recently, twu-photon free-free

transitions ...ve also been analyzed.l‘ In addition, the order of
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nunlinearity observad for higher order ATI electron lines is approximtely the

:E'.: ;0.0.: as for the threshold ionization line, a ﬁ.nding which stands in contra-
A
\2 lic-ion to ~IDP'1'.13 This result is, however, consistent with t;hejorder of
1’ o) inearity measured in ion yield experiments ,15 although more recent
_: .riments may alter this p:i.ct\u:'e.]‘6 It is also seen that certain low
>
, :":-LE . gy electron lines disappear with increasing laser intensity at charac-
he ‘istic values which depend upon the frequency of irradiation.13 Finally,
i :_E::]’ 11 energy electrons (> 100 eV) have been observed8 17 in low resolution
:E:; ~oariments with interSe infrared lasers (> 10]'5 W/cmz) .'
Stud.iqasz'3'4 of ion production by multiquantum processes have indicated
':: nresence of .:r. anomalously strong coupling for materials in certain
¥

}E ons of the p~:iodic table. It appears that the magnitude of this coupling
'I." ;ufficiently o:oat that reasonable account cannot be made by a mechanism
i::“ ‘lving the seimential stripping of individual valence electrons in a step-
::: iy process. Furrthermore, the results on ion production exhibited readily
:J »;orved dependencies on the atomic shell struct;ure, or equivalently, the

:‘_‘ . iec number, and the frequency of irradiation.
4': The hypothesis has been advanced that multiply excited states representing
N

:Q . +ly organized ccherent motions of several valence shell electrons may

::. ,.ay an importani role in the coupling at sufficiently high laser im:ensit:y.]'8

2 Y
;EE "nis mechanism is an alternative to the sequential process described above if
‘1: -ne miltiply exciced state is produced by a direct multiphoton amplitude from
"::‘ - » neutral atomic ground state. Such an excited state would be expected to
,EZ: . cay by multiple electron emission to energetically available continuum

.. .tes. In addition, it has been shown theoretically, that multiply excited
-v;: 1tes of outer-shell electrons can transfer enerqgy into inner-shellgxcitations.lg'zo
;.::- v ) In this papor, we describe the results of experiments in which the enerqgy
-C" n - tra. of eler' ons generated by collision-free multiphoton ionization of xenon,




kxypton, argoh, and neon irradiated at 193 nm in f.he intensity range spanning

1013

- 107 W/cnz were studied. - The field strengths E corresponding to this

range arc 0.06 <B <0.60, as measured in atomic units (e/az) . m; investigation
had two goals. One involved obtaining information concerning the mechanism of
coupling izading to the high ion charge states observed in earlier exper.‘ix::ent'.s:"4
under siw:iar conditions, while the second sought an understanding of the

conditions necessary for the production of inner-shell excitations by processes

of intra-atomic enexrgy transfer. |

~

II. EXPERIMENTAL
A. 193 nm Laser System and Beam Properties

For irradiation of the target gas, a 193 nm picosecond ArF* excimer laser
system has been used.21 This system delivers, in both temporal and spatial‘
characteristics, a nearly transform limited output beam whose properties are
the follwing: pulse enerqgy ~ 40 mJ, pulse Xength ~ 5 psec, quantum enerqgy
W» > 6.2+ eV, and repetition rate ~ 1 Hz. 1In order to perform the experiments,
the 193 .m beamwas focussed with a quartz lens (f\= 205 mm at 193 nm) into
the int-raction region of an electron spectrometer.‘ As shown below, the focal
volume i several times larger than the diffraction limited value, a fact
mainly a~tributed to imperfections in the optical system such as.spherical
abber:: " ~n. It follows that the maxijmm intensity produced in the interaction

region i3 on the order of 10]'5 W/cmz. In addition to the.short picosecond

!; pulse, amplified spontaneous emission (ASE) at A ~ 193 nm is also present and
r', may repcesent a substantial contribution to the energy in the form of a

e

—f.: ~ 10 nsec background pulse.21 With no picosecond input into the 193 nm

s

{;‘3 amplif: -r chain, the ~ 10 nsec ASE pulse has an encrgy of "~ 50-100 mJ. Although
?E this rolatively ,lc'a_-l intensity radiation nradnces no detectable ionization of
t‘l’s Ne and Ar, the intensity is sufficient to singly ionize a considerable fraction
; of ,cpex:inntal material in the focal volume for Kr and Xe. However,
e
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exzmination of the distributions of the pulse energies for both the ASE and
piccsecond couponentssﬁﬁwuﬂthat the ASE fécua only partially overlaps the

focal volume associat;d with the picosecond pulse. Cbnseéuently, the ASE

ig .rpected to have little influence on the interaction dynamics of the pico-

seewd pulse with the atoms in the focal region of the short pulse beam. This

was confirmed experimentally by changing the temporal position of the picosecond -.
‘cature within the much broader ASE pulse, a procedure which, in some cases,

alzered slightly the relative intensity of the electron lines. ' Therefore,.no
.cmalitative influence on the electron spectra’was present, Finally, from

21

an:lyses of the*193 nm beam, it is believed. that-the presence in the inter-

. .~tion volume of large spatial and temporal spikes was unlikely.

Zlectron .Spectrometer and Signal Processing
The space charge produced in the experimental volume can appreciably .

i, .t the characteristics of the observed electron energy spectra. In order

+.o minimize the influence of the space charge on the electron spectra, it is

necassary to produce only a few electrons per laser shot in the focal region.
. 2refore, the electron spectrometer should have a high collection efficiency
i, addition to a reasonable energy resolution. The magnetic mirror time-of-

flicht electron spectrometer designed for this purpose allows a collection

scilid angle of about 27 steradians at an energy resolﬁtion of approximately

~ S0 meV. The principles of operation and physical properties of this type

22,23 4

Sesn

~{ spectrometer have been extensively studied by Kruit and Read.2
The interaction volume, in which the electrons are produced, is located

in the strong field region (~ 3000 Gauss) of a Co~-Sm—permanent magnet as shown

i

“y
R

in Pig. (1). The electrons produced are immediately bound to the maanetic

¥yvr
=4

field and execute a cyclotron motion as they are accelerated in the maanetic

v

"-<.1d gradient along the symmetry axis of the spectrometer. The electronic
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U ‘ trajectories, althouéh conplicaged in deta;l. occur with conservation of tbe

- total kinetic en;rqy of the electrons. The laser polarization is oriented §an11e1
to the naqnefic’f!eld axis. Those eleétzons-enitted into the forward it steradian
solid anqle enter the low field region (5-1 Gauss) after traveiling a distance

of about 200 mm with their velocity oriented nearly parallel to the z-axis. %
The electron energy can now be measured with a time-of-flight technique. 1In
the 800 mm drift tube region, which is shielded against str#y magnetic fields
by u-metal layers to a value less than V10 mG, a weak magnetic quide field of
0.5 - 5 Gauss is maiﬁtained by a solenoid. The time that the electrons spend

in the drift tube can be increased by the application of a retarding electric

field, which considerably improves the enerqgy resolution for the more energetic

il

2w e s ey
'.l S‘_‘a.‘l #

o

electrons. The electrons are detected by a two-stage multi-channel plate

b a_ 2
Lx ¢
P

- detector, (MCP-Chevron type), which is connected to a transient digitizer

(Tektronix 7912 AD). The data taking, processing and storage were handled by

a PDP-11 computer.

The basic propertie524 of the electron spectroheter are now described.
wWithout retardation, the total flight time T for an electron from the focal

volume at position Zo on the z-axis to the detector located at point ZD is

A4

A given by D
&
DT n
:): po dz
. =
il T(EO'eo) 2B 1 - B(z)sin“0 ) (1)
Y o 5 o
el °
o ] Lz
- ’l.' o
Cal
e
§.~;:-‘ )

0'\'
.
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In erpression (1) no is the initial electron kinetic enexgy, 0 < eo <w/2 is

the - ‘ular range of emission with respect to'the z-axis, B(z) is the magnetic field
as & Tunction of position along the z-axis, and By = B(zo). The time distribution

func:an dne/dt. for n, monoenergetic simultaneously generated and isotropically

em. - . electrons, which describes their arrival at the detector, is given by
T SD.
- 1-1
o Eo noBo B(z)dz
Ei"[no'T(Bo’eo)] Y 2n cose 1 - B(2) §inze 35 : (2)
o —_— )
B
(o}
2
o

Phv~ .. ally, the spread in electron arrival times occurring at the detector

axz. - - “rom the influence of the magnetic field as the velocities of the * -
elzc: =ns become parallel. For anisotropic electron emission with a c0520°
dig*(',ution,24 -Eg. (2) is mult;plied by a factor of 3c0529°. Fig. (2)

itiv.-rates the calculated time-of-flight distribution at the detector for

ar.. - -ropic emission along with the measured influence of the retarding

pol .- -ial on the electron linewidth.

The target gas uniformly fills the whole vacuum system and typical operating
pres- ures were between 2 x 10-8 Toxxr to 5 x ].0-6 Torr. Experimentally it was found

tha“, depending on the laser intensity and the ionization probability, both the

eff=cts of space charge in the focal region and detector saturation could severely
lim.¢ the highest useful gas density. The space charge tends to broaden the width
of the electron lines, as shown in (Fig. 2), and generates a low energy tail on

the distribution. Consequently, the total ion production was usually kept below

~ 1000 per laser pulse. At low signal intensity, the MCP was—opeiated in an

‘ . event counting mode, a procedure which supresses electrical noise and allows inte-

gr: . ' ; over several hundred laser shots. Since the background- pressure in the vacuum
L - -
) - - - ]
" ’A ] -
h\{'*”"?"VTVﬁﬁ“'V*VVV'Q"V ~~~~~ - . -
DR N / ss, ! ) ) ) '-"\\_ . e W e . . T AT AT AT Nt .
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' electron spectrometer exhibits a magnification whose value dep_en_ds' upon -the ratio of

Since the magnetic field diverges in the drift region, this type of

the magnetic field strength :l.n the interaction region to that pr;sent at the
datector. By varying the magnetic field in the drift tube, a circle with a
diameter between %~ 250 um and ~ 500 ym can be imaged onto the detector surface.
y/ith this knowledge, an approximate estimate of the interaction volume has

neen made through a comparison of the electron yield with the number density

of the target gas. Working at a sufficiently high intensity so that the
ionization of the sample is saturated; and taking into account the overall
afficiency of detection (v 25%), we find a diameter of approximately 18 um.

this result is in good agreement with the value of v 14 um estimated independently
from the limit imposed by spherical abberaE{gn. Furthermore, the spectra are
nbserved to be insensitive to the position of the focussing lens when it is
moved along the laser beam axis for a distance of about 1 mm. This indicates.
that the intensity varies rather slowly in the vicinity of the focal plane.
Since exact information on the intensity distribution throughout thg interaction
volume is not known, an uncertainty of approximately a factor of three remains

for the absolute laser intensity used in.these experiments.

IXX. RESULTS AND DISCUSSION

In the following, the general characteristics of the measured electron
energy spectra are presented and discussed. Since xenon exhibits a more
rich and complex spectrum -than those characteristic of the other rare gases,

the features specific to this case will be emphasized in the discussion below.

A. Above Threshold Ionization in Rare Gas Electron Spectra

Pigure 3 illustrates typical electron time-of-flight spectra recorded at a peak

lasex intensity of ~ 5 x 1014m- 1015 W/cnz'ﬁor neon, argon, and krypton along with a.
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:;:v, spectxum for xenon :oomspondinq to an intensity of ~ 5 x 1013 w/cmZ. Also

;.. - shewn are the nlaiqng ‘energy level diagrm26 with the -nupnnédn transitions

N and the electron emission lines indicated. The gas density was adjusted to

b

K> > xeen the total electron production below ~ 1000 per pulse.

:%: Several features of the data are apparent. In addition to the prominent

?%: lcwest order ionization lines corresponding to thev absorption of two photons

:k.\ . vy xenon, three photons by krypton and argon, and four photons by neon, which

‘ . la2ave the corresponding ions in the ground nsznp52Pg /2 states, sever.:al above .
::: threshold ionization lines are present. The intensity of the observed ATI lines,

~jr: however, drops rapidly with increasing order. Only in the case of xenon is a

{ s solved line present indicating that the first ion (xe*) is left in its lowest

é‘ ~writed state nsznpszpi> 12° |

' Several relevant experimental parameters are summarized in Table I.

‘i measured ionization threshold laser intensities are well below the actual
-1k intensities corresponding to these spectra, a fact which places them well

": into the saturation regime in which the electron yield grows much slower

j“ wirh increasing laser intensity than that characteristic of the threshold

:‘#E cagion due to depletion of neutral atoms in the interaction 1:egi.on.2'7 This

:’“5 mrans that a substantial number and, indeed, in certain circumstances, most

: ; < the singly charged ions may be formed before the laser peak intensity is

. : actained in the experimental volume.

' '_\.: The experimental linewidth, if obtained under conditions of high resolution
'. for which space-charge broadening is avoided, allows an estimate of the upper

; ﬁs : limit for the transition rate to be made. This width, which varies between

- 200 meV and 400 meV at the highest laser intensities used in these studies,

:':i" yie-'lds,,value_s for the transition rate smﬁng the range between 3 x 1014se<:-1

::; and 6 x° :1014 sec”l. Ssince a full analysis of the observed linewidth has not -
: ' Honn pe:for-ed, the actual transition rate could be substantially lower than ‘
= )

W AT P A, W oW

I -
AL p (
RIDOERMNE WU R 5 0 A _.

-

gL ALt
- »

PR R T T R
ACECRCL YL PP SF A ST NC
PPN, "' ¥ *,“.‘.'\r‘

-
»
»

- P SN T ARG S
y MARRCARAAEALGS e 2008
» A Al Al ~EpS . P eV ¥

e e " %
L




ths upper 1imiz.. Pactors that could cont.t;ibn& to excessive broadening are | 7
sot-to-shot 'luctuations of the line positions and the influence of dynamic.stark
shifts of atomic levelscaused by varying field intensities in the interaction
o e,

Table I also contains a vomparison of the measured threshold intensities

' n values calculated according to the Keldysh-Raiser formula in the

~ .tiphoton ionization linit.ze'zg This formulation gives
. 3/2, 22 2, + N .
W=DR_,w0 - Nmin(e Bo/emm T (E) ) min (3)

in which W is the transition rate, B is a factor of order unity, Ni, is the

ninimum number of photons with quantum energy (jw) necessary to be ghsorbed-

in the ionizéti(m process, ¥ (-ﬁl is the generxalized field'dependent ionization
.cashold discussed .béldk-inz.Se.étién III1,B.1, éhd.io is the laser-électric field

smplitude. The. transition..probability P then becomes

P=W " T (4)
P

‘n which ‘l’p denotes the laser pulse length. Reasonable agreement is found with this
‘ormula for both-Ne and Ar. In contrast, the experimental values are considerably
-ower than the corresponding Keldysh values for both Kr and Xe. The threshold
intensity is defined in these calculations as that necessary to produce a one
2iectron signal per laser pulse at the detector. It should be noted in this
zonnection that the non-perturbative Keldysh formula fails to reproduce the
production rate observed for highly charged :i.ons.4 Clearly, the influence of
atomic resonances is responsible for the lower thresholds observed in Kr. 1In
+*his case, a set of three known3o two-photon near-resonances exists involving
transitions from the 4sz4p6 ground state to those with the excited confiquration
2, 5

48 4p 6p. The cnorgy parameters describing the detuning from exact

resonance are small with.values of 8E ¥ -6 meV, -36 meV, and 44 meV, respectively.
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One of these transi;tioné. eccarring in the overall prooess

4924p6186 + 2y(6.41 eV) + 4;24p5('*’ig;z)sp +1y + 4824p52P§ )2 + @ (5.25 V), (5)

strongly favors the excitation channel leading to the J = 3/2 core level, the
state corresponding to the ground ionic term.. In comparison, the more. -

of f- rezvnant channel

2.6 ’ -
4:4p 1so + 2y(6.41 eV) + 4s24p> (2p‘1’ 2)6p + 1y + 4324p52p‘1’ )2 + € (4.56 ev), (6)

with detaning S6E ~ 630 meV, leads to formation of the ion in the first excited
state. Thus, the near-resonance in process- (5) explains the absence or the
weakne=- of the 4.56 eV election line’ corresponding’ to.reaction' (6) in the Kx
specti'm. A-similar situation holds for Ar, in which a two-photdn nkar-resonance,

with upper level configuration 3sz3p$'49.-axid detuning parameter SE A -85 meV,

may ehhance ion:ground state formation in the process

2, 61 2,520 2,520 -
3s“3p s, + 2y(6.41 eV) + 3s“3p~ ( P3/2)4p + 1y + 3s“3p P3/2 + e (3.48 ev). (7)

It shouid be noted, however, that the energy of detuning can change significantly

at high laser fields due to the dynamic stark shift, a fact that. can significantly

alte - -csonance effect:s:"]"?’2 of this kind.

ihe sitvation is complicated in xenon by the fact that the two-photon

energy (12.82 eV) falls in the energy region containing the autoionizing
Rydberg series which converges to the excited 5325p52P;) /2 ion state. On
account of the rather close spacing of Rydberg levels, near-resonances occur

in this region. For example, the observed33 even parity state

5s25p° (zpl /2)551 [gl ,-» which falls at 12.886 eV, has a weak field detuning
parasoter of only SE = 464 meV. This level, as well as other even parity

stat - z. could have an appreciable influence on the overall transition rate.
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I xenon with 193 ma radiation, sufficient energy is available to
populﬁ; both the ionic 2Pg /2 ‘ground sfat. and the corresponding 21’: /2 excited
stat.: Jith three and four photon absorption. Interestingly, the observed
. .. - 2.0 2.0
bran:iiing ratio (R“= P /2/ Py /2) for the corresponding electron line

intor siiles Ie gives
Ky Ie(5.79 ev)/Ie(7.10 eV) 5 and
R4 = 18(12.20 eV)/Ie(l3.5]:,eV) ~ 4,

This indicates a strong enhancement of the channel forming the excited

ng/z state, a finding that strongly contrasts with the statistical value of°0.5
and *h»~ measured ratio of 0.62 for single photon ionization at a comparable total
eney . 44 Branching ratios in other multiphoton experiments have been

rep« .. i to be RS ~ 1 for 5 photon absorption35 at Ww = 2,81 eV and N

RN = 1.35, 0.43, and 0.3 for 6, 7, and 8 photon absorption at jn = 2.34 eV,
resnr-. - .qely.lz Apparently, several factors, including the laser -intensity,
the ; '« sence of near-resonances, and the order of-the process, influence
the -~ "ue of this ratio. -

ace the experimental results provide information on the relative
intnr~ities of the electron lines originating from ATI-processes of different
ori:- i, a comparison to other studies performed under different conditions
can .-: made. As shown in Table I, a more rapid decrease is observed in the

ulir.siolet at 193 nm as compared to the corresponding results obtained at

12,13

visilk. and infrared wavelengths. An experimental test ruling out normal

inver-. bremsstrahlung as the mechanism producing the higher order electron
line: (n the low density plasma formed in the focal region was made. On the
basis «.f the linear density dependence observed for the intensities of the

elect.on lines, inverse bremsstrahlung heating in the plasma was found to be - : y

5

in." . ‘icant at least up to pressures of » 10"~ Torr, the higheét values =~

-4
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_used in the experiment. The signature of the bremsstrahlung mechanism would

have been a quadratic dependence of the electron;intensity on gas density;
Examination of the intensity distributions on the ATI lines also indicates

that the highly excited configurations of the neutral atoms occurrinq above the

iret ionization threshold, as well as levels of excited ionic configurations, do~

r.ot appreciably affect the xates of ionization for the observed channels. The

boxed regions shown on the energy level diagrams in Fig. (3) indicate the range

of energies in which levels of excited ionic configurations occur. Although it

is seen in" all four cases that these regions overlap the energies associated with

ceriuin observed ATI features (e.g. N = 8,9 in Ne and N = 5,6 in Ar), the.

intensities observed for these lines- do not exhibit anomalous variations "in com-

rarison with other electron lines falling outside these specific energy regions.

¢ iriher comments related to this . observation are reserved for Section IIXI.B.5 below.
Theoretical values for the relative probabilities of ATI lines have been

sal-alated by Chu and 000per36 for hydrogen. Other analyses describing the dynamics

»f the process have been given by Crance and Aymar37 and by Gontier and Trahin38

- assume a well defined spatial and temporal intensity distribution for charac-

t=iization of the laser beam. Although a quantitative comparison of our data with

these calculated hydrogenic probabilities is not strictly valid because of ex-

r:z imental uncertainties and the electronic complexity of the rare gas atoms as

comrared to hydrogen, the experimental results qualitatively reflect the behavior

pzadicted by the earlier work of Chu and Cooper36 and Gontier and Trahin.38
Briefly, at ultraviolet wavelengths, relatively low order processes

{(:.q. N= 2 and N = 3) can energetically lead to ionization of the neutral

system for most materials. Because of this, the intensity level needed to

prodace an ionization rate comparable to the inverse of the pulse width, a

condition that leads to saturation, is relatively low. Indeed, resonances

2 amplitude, such as those noted above for argon, krypton, and xenon

\I‘vf - ~,\..-‘.'b q;‘“\ .-




Y T O TR T T e T O R T TN P YO PO PO e O YO WY

N o |
. A- T
o .

1838

_&: .

Y. with 193 nm radiation, can further reduce this requisite intensity for

&4 rapid ionization. Consequently, during the.risethic of the laser pulse, a

") ' substantial fraction of the atoms can become ionized into the first ionization

&._ channel before the intensity becowmes sufficiently great to produce a comparable

; transition rate for higher oxder processes. ¥For longer wavelengths, which

AU

KN

{ require a higher order process to accomplish ionization, it is anticipated

:’.. ) that the saturation intensity for ionization and the intensity required for

comparable ATI transition rates will have values that are closer together.

; '{:E In addition, if the ATI process is pict:;red physically as an inverse-Bremsstrahlung
‘1- mechanism involving the intimately associated electron-ion pair, the absorption
rate at shorter wavelenqgths is expected to be suppressed in comparison to longer
%_1'_2 ones3'9 on account of the wavelength dependence of the absorption coefficient
3.'. which, in standard form, is proportional to the square of the wavelength.
v :3: Therefore, it is expected, at ultraviole: wavelengths, that the enhancement
". of the higher-order processes of absorption requires a sharp risetime of the
f ultraviolet pulse. This condition, which is examined further below in Section
IIXI. B.5, enables the intensity experienced by the atom to reach values of a
ﬁ::: sufficient magnitude in a sufficiently short time so that higher order channels
Y
::‘ can compete effectively with those of lower order. In the present experiments,
the requirements of this condition do not appear to be well fulfilled. Highly
-}E charged ions, however, because of the significantly increased energy of
$‘: ionization, may tend to exhibit more pronounced ATI absorption, since the order
v N of the lowest ionization channel is greater, a condition that will agenerally
*f';‘ lead to a substantially increased saturation intensity. The same consideration
::){ applies in the comparison of the strengths of the higher order features of the
; 1 ATI spectra of the rare gases which are observed to increase in the expected -
19 fashion (Table I and Fig. 3) from Xe to Ne.
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Multiply excited atomic states may play an important role in the many-
quantum absorption prpcéss, particularly if sufficient. intensity can be rapidly
applied to the atom and if appropriate resonances are present in the amplitude.
Indeed, a picture based on a collective atomic response involving several
electrons occupying excited orbitals has been considered in certain models.4°'41'42
These aﬁalysés diéplay features which are, in principle; compatible with the
extant experimental data.3'4

A comnon feature of multiply excited atomic configurations is the
specific issue of a discrete state coupled to adjacent continua.43 The
simplest prototype of these multiply excited configurations is doubly
excited helium, which has an observed sequence of double excit:atior'nslm-46
2snf beginning at approximately 60 eV above the (ls)2 ground state. More

. 44,47
complex multiply excited systems, known as planetary atoms, 4 have also

been considered.

The rare gases have been a prime subject of investigation of -two-electron
processes. Double ionization measurements are sumpaiized by Holland 55_25348
for photon energies in the 40- to 300-eV region. Whereas double ionization
of He, Ne, and Ar in this region is due to pair excitation of electrons in the

valence shell, that of Kr and Xe is mainly a result of Auger processes

following one-electron ionization of the core. Shake-up experiments in the

49
[ rare gases have also been performed. Spears et al. have used x-ray sources

to eject an inner-shell electron and observe the satellite lines in the

2t

photo-electron spectrum, which are due to valence-shell excitation. Finally,

two-electron excitation in the photoabsorption of the rare gases was observed

44,50-54

by Codling, Madden, and Ederer in the 8- to 60-nm region. Additional
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' oretical treatments of two—electron excitations are ava.i.labless-64 in

‘12 vecent litérature.
Specific detailed information is available for argon, krypton, and
.on for low lving multiply excited levels in the region below 50 ev.
.rypton, the —:.ltiply excited manifold begins at ~ 23.3 eV above the
. ., ..52,65,66 .
ral ground s :te and is, therefore, reached by a four quantum
288 at 193 m. (25.64 eV). We note that the excited states in this

67,68

.on have been ..irongly implicated in the recent study of radiative

~.canisms exhiriied by krypton under excitation at 193 nm. For argon, 3s
v« »z-shell exc'-ition begins at 26.61 eV and doubly excited levels existso

2 29.0 eV. .inally, for xenon, autoionizing levels corresponding to single
v, -shell excitation and double 5p-shell excitation have been observed52

ak.ve ~ 20.95 eV. Interestingly, although levels in krypton with single

4s;-shell excitations and double 4p-shell excitations apparently play an important

. . 67,68 R cas .
i in the radiative response ' for 193 nm intensities in the range of
12 14 2 R _
-0 - 107" W/cm, no clear evidence for the influence of these states

.0 the ATI-ladder lines was observed in the electron spectra at an intensity
w5 X 1014 W/¢m2, as shown in Table I. Similarly, as noted above, for neon,
. jon, and xenon, the observed ATI pattern did not give evidence of substantial
. luence arising from the known miltiply excited levels. If the intensity
icthe ATI electron lines is interpreted as a measure of the photon absorption
1.2 for higher order processes, only a fraction on the order of one percent

less of the higher charged ion states produced could be attributed to this

type of direct excitation mechanism under the given experimental conditions.

8. Additional Lmes in the Xe-Electron Spectrum
A qﬁestion of principal significance concerns the identification of the

sinant mecha.. - responsible for the vroduction of highly charged ions under

!"Q.n-.
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collisionffrea irradiation.69 The séquentidl stripping of single electrons
with increasing laser intensify. a stepwise process which leaves the ions in
their ground or low exgited states, should generate an electron energy spect?un
consisting of a group of sharp lines which accompanies the normal ATI-ladder
geries associated with the neutral ground state. ™In an alternative process
involving th¢ direct multiple autoionization or photoioniZation of multiply
excited states, the liberated electrons can mutually redistribute the excess
energy available and generate a continuous component of relatively low enerxgy
electrons to the measured spectrum. In addition, atomic inter-shell energy
transfer may occur in which energy associated with the excitation of outer-
shell electrons can be communicated to inner-shells by an interaction that

has been pictured as a form of dynamic confiquration interaction.lg'zo

The
inner-shel! :-:cited states produced could subsequently decay radiatively or
by the emission of Auger electrons with characteristic energies.

Experir:atally, all of these different excitation and decay channels
can occur simultaneously in the interaction regioh, a situation which may
seriously complicate the interpretation on the observed electron energy
spectra. Some simplification, however, arises from the use of ultraviolet
quanta because the characteristic spacing that occurs between ATI lines is
relatively ! -cge, a factor that more readily permitis resolution of fine details
in the spect /am.

Evidenc: for the presence of the sequential process is shown in Fiq. (3)

. . . 2 .
for xenon. In this case, at an intensity of ~ 2 x 1013 W/cm , a weak line

at 4.44 eV ; : observed which indicates the formation of the Xe2+ (5325p4) 3P2

+ 2
ground state which arises from a four photon absorption from the Xe (5s 5p5) 2P§/2

ionic ground ‘evel. _Upon an increase in the 193 nm laser intensity, the enerqgy

distributio® ~f the electrons observed in the xenon spectrum changes dramatically,
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as 'shown in Pig. (4)0,' a low resolution tipe—of-flight- recording spanning
the en:rgy range between ~ 0.3 eV and ~ 100 eV. It is seen that the lowest
order icnization line weakens and splits nearly symmetrically into two features
whose :svaration grows vith(?incmling intensity. At the greater intensity,
the lina group around 5 eV, comprised of the two 3-photon ATI-ladder lines

and tha 4-photon line indicating - the sequential xaz+ ground state formation,
begins to dominate the spectrum. In addition, a broad quasi-continuous

featuce at ~n 3 eV and new line groups betweé;: % 8 eV and v 30 eV are

apparant. In Fig. (5), the Xe-spectrum is displayed with high resolution at

15

an intensity of ~ 10 w/auz and converted-to a linear energy scale. More

than iw:nty sharp lines are visible in this spectrum. In order to interpret

this ~nmnlex spectrum, several physical effects have to be consideread.

1. snift of Ionization Thresholds
'n> weakening of low enexrgy photoelectron lines with increasing laser

inten;ii; has been reported by Kruit et _a_];.13 in experiments at 1.06 um.

-~

Subseuontly, several theoretical papers have appeared giving descriptions
36,70-74

and oxvianations of this effect. In the discussion below, we adopt the

analy:;i; developed by Széike.7s

T energy conservation governing the motion of an electron undergoing
photoionization by a multiphoton process in an intense electromagnetic field

is exprzssed by the relation

-{:232 *2
e (M) S e (B) + M = ¢ (§)+l_‘>_ + - (8)
DT a2 2m

Aq Ag+l

In expression (8) cD(N) is the enerqgy of the “dressed” atom (ion) state and

-)
CAq (E) 1ad EM

g-time:; charged ion and the final state of the q-ri-clmrged ion in the electré-

+1 (E) are the enerqgies, respectively, of the initial state of the




'offo& by amounts given by
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-nqhotic field E. Both states are shifted in energy by the dynamic stark

> o > - ’
AcM(z) 2 tl\qm) tMCO) _ and (9)

Bey B F €y (B - €, (0 (10)
from their zero field energy. This effect is usually small ( < 100 meV) for
the more tightly bound initial states (ground levels) of the rare gases. The
last two terms represent the total motional enexgy of the electron, which
consists of the piece described by the ponderomotive potential, which arises
from the oscillatory motion of the electron in the alternating field, and the
term denoting the translational energy with momentum '1;. The oscillating

motion of the ion74 is neglected in this expression, since its very large mass
causes that contribution to be extremely small. Once the electron is outside
the influence of the ionic coulomb field, it cannot emit or absorb real photons.
It has been previously shown75 that the influence of Compton scattering is
entirely negligible under the conditions relevant to these experiments.
Therefore, the total energy of the electronic motion is conserved and the
component represented by the rapidly oscillating quiver motion is converted
into translational kinetic energy by the ponderomotive force76 as the particle

moves to the zero field region (E + 0) on its way to the detector.
Yhe essential point here is that, if the electron is excited to a. total
énergy in the continuum less than that "associated with. the ponderomotive poten-

tial, namely, the quiver energy, under-those-field conditions. it cannot escape

from the Coulomb potential and is trapped. This is equivalent to stating
that the ionization or continuum threshold, which can be defined as the series
1imit cﬁaiacterizinq the liberation ;f a Rydberg electron from a “dressed”
state, is upshifted by an amtﬁt equal to the quiver enétgi.- Therefore,

the expressic::

-4
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*2 2
b § Eoe > >
-T(B) = T + T;-Z_ + Aelq+1(3) - ACM(B)b X (.11)

AgHl - chw) is the usuval low field ionization threshold,
can be consid:red as a generalized ionization threshold. The principal conse-

quence of this condition is the closing of low energy ionization channels above

certain characteristic laser intensities. This effect has been discussed
earlier by R.a\zier.29 Furthermore, since the total energy of the electron
after the multiphoton absorption event is consexved, its deficit in trans-
lational kinetic energy in the high field region is regained upon expulsion
from that zone, leaving its kinetic energy altered relative to a low field
event only by the small difference arising from the dynamic stark shifts
of the initi:l and final atomic or ionic states. This situation holds for
the condition that the escape velocity of the electron is sufficiently

fast with 72577t to the rate of variation of the laserxr field.75

These cons:derations lead to a characteristie behavior for the electron
spectrum of an ATI-ladder of lines. As the peak intensity of irradiation is
increased, th- iowexr energy ionization channels close and the spectrum of
emitted electrons shifts towards the higher order lines while the line positions

remain neaci, .naffected. It should be noted, however, that a perceptible

shift of the «isctron spectrum could already occur before the lower energy channels

close.36'38’ .3 Purther, on account of the u"'z dependence of the ponderomotive

potential, the radiative influence on the shift of the ionization threshold
is considerahly stronger in the infrared region than in the ultraviolet.
Interes: i.yly, energetic electrons have been observed in experiments

conducted at | .06 um at & peak intensity of 1016 wlcmz. In these relatively
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8:17 berformed by Balawin, Borehan, ah_d Luther-Davis,

low resoluiion studies,
electrons ~ith senergies up to several hundred electron volts were detected

and the orig:ln of théir accelent:lon was attributed to the pondero-otive force.
HBowever, iii: unshifted line positions cbserved by Kruit and cworker313 seem

to be at viriance with this result. In this connection it is noted that, due -
to the upshift of the ionization threshold by the ponderomotive potential,

the lowest ionization channel open for 1.06 um radiation at this intensity
corresponds to a transition involving several hundred photons. Of course,

low enexgy electrons are simultaneously obsexved as a result of ionization

early in :»e rise of the pulse or from generation in peripheral regions of

the interaction volume that are exposed to a lower intensity. Similar findings

16 who observed, in low

have been recently reported by Lompré and coworkers
energy resonlution experiments; electrons with energies up to 50 eV. In this
case,]'6 iv was assumed that the virtual excitation of multiply excited states
enhanced the probability for ATI processes. However, this analysis did not

take into account the radiative shift of the ionization threshold.-

The relative weakening of the two-photon (0.7 eV) ionization line and the

related trengthening of-the.three quantum ionization lines observed in the xenon

electron spectrum can both be attributed to the closing of the lower (0.7 eV)

channel -hroughout a considerable fraction of the interaction volume. The ip-

tensity « 7 193 nwr radiation necessary to shift the ionization threshold an energy

equivalent: to 0.7 eV is &~ 2 x 1014 W/cmz, a value in good agreement with our

experiment. On the other hand, these results indicate that a substantial
fraction of neutral Xe atoms is still present when the laser pulse reaches

- ‘the intensity of » 2 x 101 W/cmz, since most of the observed higher ordet o K

e

- proce- " appeir to occur between that value and the threshold closing of the

w, ww R
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thru—photon ionization at ~ 1.5 x 1()]'5 vl/c.-2 .. The closing of the latter
channel is not cdbserved in these experiments indicating that intensities

greater than 1.5 x 1015 lvl/cnz were mtptodue.d in the current studies.

2, Dynamic Stark Splitting of the Xe Two-Photon Ionization Line

The splitting of the two-photon ionization line at ~ 0.7 eV in xenon
illustrated in Fig.- (6) that develops with increasing 193 nm intensity

1

occurs in the intensity range between % 1010 W/cm2 and ‘\'10 2 W/anz. Since

these intensities are rather low, the splitting is readily observed with the
relativ:=1ly low power ASE pulse ~ 10 nsec duration without the presence of

the conziderably more intense picosecond radiation. The experimental signature
of ihe splitting appears to rule out a spurious instrumental origin for this
effect. The splitting is seen to be independent of both pressure and the
position of the interaction region along the magnetic field axis. The influence
of space charge generated by scattered 193 nm radiation from surfaces has been
examined by independently illuminating the surfaces Jnear the interaction zone
with a separate beam. As a result of the charge densg‘.ty produced in this way,
the line is shifted to higher electron energy with a perceptibly altered

‘shape, but importantly, with the splitting preserved.

As noted above, the two-photon absorption in xenon is distinguished by

the fact that the equivalent two-photon eneigy is located in the autoionizing

Rydbe:g series converging to the SSZSpSZP;' /2

7
to the presence of near resonances.7 It is well known that if a sufficiently

{»

series limit, a property leading

strony coupling is established between two states by an intense resonant field,

L 3

a splitting can develop which arises from the dynamic stark effect of the
"dressed” atomic states.78 For the circumstance in which the upper state

is an autoionizing level, the influence of the Autler-Townes effect on the

electron ehergy spectrum has been studied extensively by K. Rzazewski and

P "V o IR SO AOCS T
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Eberly’g for a transition involving a single photon..  Moreover, this
dynamic stark splitting, in the context of multiphoton transitions and

electron energy spectra, has been discussed by Lambropuolos and zoil.ler]'il

3 Both the near resonant discrete state and the

and Bialynicka-Birula.’
continuum are coupled to each other by the coulomb interaction as described

in the model developed by Pano.ao The energy distribution of the photoelectrons
released from the autoionizing state acts as a probe to detect the splitting.
The actual shape of the resulting photoelectron line depends sensitively on

the parameters governing the behavior of the system. The relevant parameters
are the radiative coupling strength linking the two resonant levels, the
autoionjization linewidth, the laser bandwidth, the pulselength, the dephasing

rate, the intensity dependent detuning of the laser from the discrete resonances,

and the Fano asymmetry parameter. We tentatively interpret the observed

splitting of the 0.7 eV line in xenon as arising from the dynamic stark effect.
By fitting the measured line profile to the parameters mentioned above, the
observed electron line shape, including the intensity dependence, could be
reproduced for parameters representing reasonable physical values. A more

detaileé analysis is currently underway and will be published elsewhere.

3. Evidence Concerning High Charge State Production
Table II lists the relative ion charge state abundances for Xe, Kr,

and Ar which have been obtained previously in an ion time-of-flight e:.:pe.r:‘unem:,3'4

under conditions which are similar to those of the present electron energy
measurements. These data are presented along with the expected relative electron
yield for each charge state for two distinct limiting cases. They are (a) the purely
sequential and (b) direct processesv. respectively. According to this comparison:,

in th—e direct process, approximately 70% for xenon, 308 for krypton, and 15% f¢_5r

" argon of all electtrons that are produced arise from the formation of higher charged

»  »
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f"‘z ions. It is expected that these electrons would contribute a relatively low

:::; . margy continum ‘to the olectf.tjon'spectra. No unambiguous evidence for the.

? ' . atlstence of such a contribution to the continuum has been found, but its

g .vasence could be obscured by the surface background electrons produced by

*‘ ,':attefed radiation and the low energy wings of the prominent ATI-ladder lines
i siiown in Pig. (3). The gas density has been kept low in order to avoid detector
‘:2" “1turation caused by the higher energy lines. The possibility that these

f"" : 1actrons are trapped in the space charge of the residual io:x_cloud was tested
1 - | and ruled out by the application of a static electric field across the interaction |
;uf ~yion.

i

;',: If the model of sequential electron production is adopted, several

3% channels for ionization have to be simultaneously considered on account of the
0

".9:‘ wmber of possible excited states that could be produced in conjunction with

::EE ihe distribution of the observed ionic species. Table III.a lists some of the
ESS' rvocesses which are believed to be significant. They are, of course, related
::5 *o the observed lines.illustrated in Fig. (5). I.Ls shown in the figure, the

E:; i ines which are manifest in the measured xenon ele;:tron energy spectrum for

?;:3 ‘~rensities above Vv 2 x 10]'4 W/cm2 closely match a pattern of overlapping ATI-
’:_‘-: iadder series with each series associated with the population of a respective
..: 1onic state. The branching ratios for the different excited states of the

E: -.-:sidual ions are not known and, as discussed in Sec. III. A above, may depend
‘;‘3 strongly on intensity dependent resonances. We note the accidental coincidence
: : .£ several line energies, a fact which makes it difficult to isolate certain
::; individual ladder contributions, especially those for processes leading to Xe3+
: . «nd higher charge states. The lowest energy lines are seen to be grouped in
? o "he range between Vv 2 eV ;nd ~ 6 ev.? More energetic groups are apparent with
& -

”
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ff:v corresponding spacings of lines given approximately by the photon energy of
<~ 6-.41 eV. Estimates of the relative intensities for the most prominent lines )
E: are listed in Table IV. wathefk¢mof1mesmthcz-4ev
! range shown in Pig. (5), the relative line intensity within each of the higher
[ , enexrgy groups is repeated, although the absolute intensity of these features '.”
'&: drops rapidly with increasing energy. At a density of ~ 2 x 10"° Torr, weak
) line groups up to an energy of ~ 60 eV co;uld be observed in this experiment.
o These data indicate that in the sequential production of ﬁi:e higher charge
‘:: states of the xenon ions, ATI occurs with a greater probability than in the
E:E multiphoton ionization of the neutral xenon atom. This observation may be
§ X attributable to the higher saturation intensity expected to be characteristic
s’.. of the ionized species resulting from the larger energy of ionization and the
\ correspondingly greater order N of the threshold process. The comparison of
v the relatively weak group of lines in the 2-4 eV region of Fig. (5) with those
?Ex lines of the next higher order indicates that the lowest order channels close,
:“ at least for. the maximum intensity region of the interaction volume. The
";.‘ closing of these channels corresponds to a range of intensities spanning from
:E:: A~56x 10 w/cm {» 2 eV) to ~ 1.4 x 1():l W/cm2 {~» 5 eV). This closing of
'.:." the lowestfo'rder channels of ionization could explain the fact that the lowest
" energy feaf.uré (£5) in the next higher order group is the most intense. A close
iﬁ examination of the line energies reveals that the individual ATI-ladder series
r : are shifted in energy relative to each other by an amount on the order of
; . ~ 50 meV. Although these apparent shifts have to be interpreted with caution,
%‘ since they may be subject to the influence of space charge induced by scat-
.3- : tered radiation, they may represent the relative dynamic stark shifts of the
:'- initial and final ionic states according to Eq. 1l. i
Jo . - ’
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E‘::":' - The total integrated intensity of the neutral ionization lines is

“ s gpproximately. equal to that of the ionization lines ar:l.si.g;g from the ions.

% . As presented in Table II, the sequential process can account for the total

." ic production observed in xenon to within the experimental uncertainty.

. Tno question of the existence of an additional continuum contribution underlying
E: he densely packed features between 0.5 and 6 eV, although possible, cannot

20 .

g a¢ answered with the enexgy resolution available in this experiment. L'Huillier
o ad coworkersal concluded from their experimental ion data that direct excitation
::§ ~£ the neutral atom is the dominant process at intensities below the saturation
1% 4

::ié iavel. RAbove that intensity, due to the depletion of neutral atoms in the

nr. raction volume, the sequential ionization of ions becomes increasingly

g'_t mportant. This view is not in conflict with the results of the present work,

. ‘rn~.e the spectra were taken well in the saturation regime. The direct

- ) «.xcitation process could become significant at ultraviolet wavelengths for the

; )4 oiwrduction of charge states higher than the triply charged ion, because the

3 s.tuation for these species, as noted in Section III. A above, is similar to

;;»‘ Lha- governix)g the interaction of atoms with infrared fields.

G

’> ‘ More information concerning the competition between the sequential and

§:: 4j vect processes should be obtainable from a study of the electron spectra

1]

:. -he other rare gases. The behavior of xenon contrasts with that exhibited
j‘: *  rgon and kxrypton. As Table II shows, the electron contributions arising

"'\-
N -+ .2 the formation of higher charged ions is considerably less for argon and
3.4
. . -~ ,ton at intensities below ~ 1015 W/c:m2 than they are for xenon. In addition,
b

{. i krypton the experimental situation is aggravated by the fact that the low

! enexrgy electron continuum between ~n 0 eV and ~ 2 eV generated by scattered

5

" adiation may obscure all weak line features in this range. Furthermore, the
0

.

N - . -7 . .

] ] s - ypton pressure has to be kept below ~ 2 x 10 Torr in order to avoid
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detector satgration caused by the dominant 5.24 ev-lin; shown in Fig. (3),
an effect which will suppress any lower energy features.

The sequential ionization of the et 2;,(3) /2 ground state to the ground
and low lying excited Kr2+-:lon states produces electron lines grouped around
0.9 eV - 1 eV for 4-photon absorption (Table IIIb) and around 6.8 - 7.5 eV
for S-photon absorption. The lowest order channels close at intensities in

the range of 1.5 x 10]'4 -3x 1014

W/cnz. A careful study of many electron
spectra recorded under different experimental conditioﬁs revealed that the _ _ .
feature observed in the krypton spectrum shown in Fig. (3) between 6.5 eV

and 8.5 eV can be associated witfx these S-photon processes.

In Ar the sequential Arz

* formation leads to electron lines around
4.3 eV (Table III.c). The inset illustrated in the argon spectrum of Fig. (3),
which was recorded at a higher energy resolution, clearly shows the expected

feature, but slightly upshifted at around 5 eV. In addition, on the low

~nergy side of the structured peak occurring at ~ 10 eV, another line is

(o]
P3/2
Azz+ ion in the excited 1D2 level (Table IIX.c). The combined intensity of

seen which corresponds to 6-photon ionization of'Ar+ 2 with the finaI“

these lines, relative .to the neutral Ar ladder sequence, approximately reflects

the ﬁeasured relative abundances of the Ar” and_'Ar2+ ions listed.in Table II.
If the direct process is important for argon and krypton and if a

grbstantial fraction of the electrons produced comprise a relatively low

enerqgy continuum, then the experimental difficulties noted above interfere

with théir detection. Also, we recall, from the discussion in Section III.A,

that the probability for direct multiphoton absoxption above the second

ifonization threshold must be quite low under the given experimental conditions.
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4, .. Multiphoton Imxér—shell Excitation
In addition to the photoionization of outer-shell electrons, highly charged
ions can be 7. final result arising from thc:initial' formation of an inner-shell

vacancy fullowed by electron rearrangement with the emission of radiation and

Auger elc:trons in a cascade pr:oc:ess?z-e6 The Auger spectra of the rare gases

have been measured using both single-photon and electron impact i.cm:i.zat::i.on.87“94
In multiphoton experiments inner-shell excitation is possible, in principle,
either by direct high-order multiphoton coupling to the inner -electron or by
energy transfer from multiply excited outer-shell configurations. For the latter,
it has bean possible to formulate a model describing a possible mode of intra-
shell coupling by drawing an analogy with fast ion-atom and atom—-atom

19,20 The known properties of free atoms suggest that this kind of

collision=.
coupling :ould be quite strong, particularly in certain regions of the periodic
t:able.4 In Xe, for example, the 5p, 5s, and 44 shells exhibit substantial intra-
shell coug.ing and behave in a collective fashion like a sipgle super she11.85'95-97
Direct inner-shell photoexcitation by the ultraviolet radiation is expected

to be unl.:ely because of the screening98 provided by the outer-shells, an

effect which is significant because the single photon energy is below the outer-

shell excitation energy.99 However, at very high laser intensities, the strong
inter-si:il coupling is expected to ~ause a nonlinear response of the outer-
shell eiectrons to the laser field and, consequently, the generation of higher
harmonics of the field, which can then penetrate to inner-shells and cause their
ionizat.ion.zo'loo
Independent of the mechanism of excitation, the Auger decay of an inner-
shell vacancy should result in an electron energy spectrum with a characteristic
pattern of lines. The spectrum consists of the principal decay line, -vlea.ving
the doubly charged ion in the-ground state, and an array of_satellite lines caused 1

by electron cox.'telat:iongs'96 (shaké—up) which leads to ion formation in an

excited state. - . -
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R In xenon, the energies of the 44 58" 5p D5 /2,3/2 4d-hole states are
. N “y .

LN : )mowngz”l 9 4o be at 67.55 eV and 69.52.eV, respectively. The corresponding
r-'.\ . X
'R o 9, 2 62 101
enexgie: ‘or the krypton 3d-hole states 3d74s 4p DS /2,3/2 are measured

“ Ve, 4
K- to be 1 93,82 eV and 95.04 eV, respectively. The strongest decay lines in the
' ™

! N45-00 A gar spectrum of xenon are grouped around 35 eV with o!:»servedgz'g4

g
:\_j low enex;y satellites extending down to ~ 8 eV. In the H445-NN Auger spectrum

~
o
], of kryp.:), the corresponding line393 are grouped around 55 eV with satellites
e of significant strength down to 25 eV. However, a close examination of our

"
'_\r} electron spectrum for xenon for intensities below '1015 w/cmz, although revealing
ALE
L . . . . 102,103
~: ey several prominent lines in the 8 - 22 eV region with spacings matching
1[.. the knc.wnm92 4d5 /2~ 4d3 /2 fine~-structure splitting of 2 eV, does not give
u )
3 evidence for the expected features in the ~ 35 eV range. At the same time,

l‘
.‘_-. as described in Section III.A and shown in Table III,a and Fig, (5), the main
NN features of the observed electron spectra for xenon at intensities below

e
':::t " 1()1S W/ m° can be understood as arising from ATI-ladder sequences involving
529 + 2+ 3+, -~ .

:}-' the formavion of Xe , Xe , and Xe with allowance made for the production

?) of certaia identified excited ionic states. E:xperin{entally, the accidental

".')'J

Lt

,:'_.' coincidence, for 193 rm radiation, of certain ATI lines with the energies

s ' '
K characteristic of the low energy satellites of the xenon to 4d-Auger decay
. prevents isolation of any Auger features even if present in the data. Never-
.

i)
R o, _' . .
: :::.: theless, the possibility exists, that under appropriate circumstances, an
:'-j inner-st 1) vacancy produced in a nonlinear process would undergo an Auger

'.~. decay with a rate on the order of 1014 ‘sec_l and electron energies characteristic
b
' of the <liarge state involved.104 Since an atom responding in this way would

" be strongly perturbed by the intense ambient electromagnetic field, considerable
s .

s energy zl..‘_fts,los Yariations in the level widths, and changes of the branching
}l' -

'_3:j ratios for Auger transitions are expected. In this connection it is interesting
-‘;: ’ »- .
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" of - “ctrons from the vicinity of the agomié potential to be retarded. A
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t.;a recall that, :I.n preliminary expex:l.ﬁnts" conducted at 193 nm intensities

in the 10'® - 10'7 w/ca? range, evidence was found for the production of

energatic radiation. (10 eV < e < 80 eV) emitted by xenon with irradiation

undar collision-free conditions. Radiation of this enexgy could be produced

by iurncr-shell transitions8® or the emission of flouresence. following the

mul- ‘vhoton excitation of a near resonance in the outer-shell of a xenon

ion. However, since no evidence for such a process has been found in the

ele.” zon spectra, the probability for this process at intensities below N

~ 1015 W/cm2 must be fairly low unless the process of autoionization is

suppressed or enexgetically forbiddex‘x’.;‘

5. “mpetition between Direct and Sequential Processes

The present results on electron spectra indicate that the process of
sey »izial ionization, modified by the presence of ATI, dominates the
production of the electrons observed. However, it has also been indicated19'20
that a direct mechanism of interaction, capable of producing both multiple
ionization and inner-shell excitation.103 could occur if certain motions
of tho atomic outer-shell electrons can be driven by the incident electro-
magretic field. 1In the competition of thesé two mechanisms, we now examine
th- rature of the conditions necessary for thé enhancement of the direct
process.

In oxrder to maximize the probability for energy transfer between multiply
exr:ited confiqurations of outer-shell electrons and those occupying inner-shell
orrits, the decay rate of the outer-shell excitation by electron emission must
be sufficiently lva'w:w6 to permit the overall act of multiquantum absorption,

involving both the excitation of outer electrons by the radiation field and

the inter-shell energy transfer, to occur. Specifically, we want the escape
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possible means to achieve this is through the presexice of the ponderomotive

potential (of Eq. 8)
22

e Bo (t) ' ' .
U(Ip,t) = 2 ’ ’ (12)
4my

provided that its strength can be developed with suffici;nt rapidity to effec-
tively discourage electron emission into the available channels. In expression
(12) the explicit dependencies on laser intensity I through the field strength
Bo' frequency w, and time t have been indicated. One possible statement of the
condition necessary is that the ponderomotive potential U(I,w,t) increases an
amount equal to the quantum energy (¥w) in the time scale Te characterizing
electron emission during the course of irradiation. In this situation, the atomic
electrons experience a sequence of closing channels at succesively higher energies
as radiation is absorbed by the atom. This statement can be written as

bU(Ipwrt) = & . (13)
s,.t T

e

Since the ponderomotive potential [cf. Eq. (8)] can be written as

-

2 -
O(Iw,t) = c"'ez) i) , (14)
nca
the result

& ar(t) _ mofw’ s
|:'.‘)", dat 2

&5 2ne’ T

»" e

¢

A

s

follows. If, for simplicity, we consider a triangular pulse with a maximum

intensity Io which rises linearly in time over a period 1, equation (15) for

s

ST

the theoretitally required condition can be put in the form

OH
8
EU

- (16)
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. or equivalently,

21re21° Io
T= T { ) = (2xa)t_ (=) : 17

e mx,:! e Iu

k. 4
with
e = 3

5{, = M . (18)

and & denoticy the fine structure constant. In expression (17), for the time
scale T nec:.'sary, two parameters occur. One characterizes the maximum intensity
Io,' a factcr under experimental control, while the other is the electron emission
time Tor viewed in this simple picture as an intrinsic atomic parameter. It may
be, of course, that To is influenced by the instantaneous intensity and the order

N of the process, but these complications are not considered here.

An approximate value for the time scale Te can be related to the data

on the electron spectra shown in Table III, Fig. (3), and Fig. (5). We observe
that, although ionic excited states are evident, no levels with excited
configuraiions are present. Specifically, no state representing a configuration
involving . excited (n,%) orbital is detected and, as discussed in Section III.A,
no influenc= of such excited states was seen on the intensity distributions

of the observed electron spectra. This experimental fact suggests that the
process of electron removal is adiabatic with respect to the electronic

orbital motion. Equivalently, shake-up arising from the electron emission

is negligible. Since all the ionic species of xenon listed in Table III.a

have states with excited configurations lying approximately26 .105cm“1 above
their respective ionic ground states, the time T should be long compared to

n 3.3 x 107 '® sec in order to respect this condition for adiabaticity.

Therefore, for the estimates furnished bo_.law in Table V, we will use the _ -1
-15 ) ' '

value T = 10 - sec. : -




:. ‘ . T . 3

R - y o ) -108-

7, R - .

:‘ Table V contains a compilation-of the parameters for several extant studies

K of cbmsion-froo nonlinear processes and gives the characteristic ranges over

which thess e::pcinntshavobemp#foiud. The conditions of these studies can |

‘_; then be compared to the criterion stated in Eg. (13) by the introduction of a

L factor y defined as

E’ ' YE I /T (19)

:' the experimental counterpart of the theoretically required condition stated in

" Bq. (16). The column (B/Y) then gives & direct measure of the departure of the

;.;' experimental conditions from that expressed in Bq. (33). Specifically, values of

:’S 8/y > 1 indicate that the necessary conditions are not satisfied. The large values

‘ of B/y shown in Table V demonstrate that all the experiments conducted thus far.

K-, fail to satisfy the conditions of Eq. (13) by a significant margin, most by factors
: of a thousand or more. Therefore, within the framework of this type of physical
picture, ti:: sequential process would be expected to play the major, if not dominant
é role, in ihnse experiments. Pinally, a comparison of the peak ponderomotive potential
X U(Iex,w) arpearing in Table V for the experiment of Baldwin and Boreham,17 who

‘ observed a naximum electron energy of 400 - 500 &V, ;hws that the obsexved electron
’ energy corresponds approximately to a value one order c;f magnitude lower than the

ﬁ peak ponderomotive potential. This correspondence gives an indication of the physical
k significanc: of the criterion estimated with Eq. (13).

‘; We now inquire into the possibility of entering the regime for which 8/y <1,

5 the range of intensities and pulse widths which is in conformance with the general

" criterion of Eq. (13). On the basis of earlier estimates4'19'20 it has been suggested
that the direct process is favored if the atom is exposed to a radiative electric field
:: E significantly gxeater thah an atomiciunit (E, = e/ai) . A intensity I = 1018 w/cm2.
W .

a value corresponding to a few atomic units of-electric field and believed to be

technic‘llly feasible with modern light sourcgs,lb’wo—uld.satis,fy this condition. There-

fore, we will use this intensity scale in ordér to estimate the maximum pulse width

. : _ B : 3 -2
permissibl - -or 248 nm radiation. M the wavelength of:248 nm, Iy» =.3.9 X 191 W/cm™,
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or equivalently; 8 =8.5x 1§29 H/cng-sqc. Consequently, B/y = 1 implies that

T, = 1.2 x 1012 sec. Therefors, a Krrt (248 mm) source capable of + 1 pe
operaticn and focusable to % 10" W/cm? would enable experiments to be

conducced under the appropriate . physical conditions. FPortunately, the technical
feasibili:y of such an instrument is manifest,l” so that studies inthis inter-
esting physical regime will be conducted in the near future. According i
to this analysis, with irradiation at 248 nm at a peak pulse intensity of

~ 1018 W/cmz, the electrons would be trapped in a ponderomotive potential
with a depth of several kilo-electron volts.

Finally, the simple picture presented above can be viewed in a manner
similar to that used in the description of atomic collisions which involve
a curve crossing.m8 If the transitions between adjacent "dressed” levelslo9 o

corresponding with the ATI channels are regarded as a level crossing phenomenon,
then, i :nalogy with the collisional problem, the canonical energy parameter
becomes £ .. and the time scale associated with the transition corresponds to

Toe Her» >, the standard condition for adiabaticity, and, consequently, a low

transit icn rate, is given by

wt > 1, (20)
e

a condition that is fulfilled at ultraviolet wavelengths with T. ~ 10"15 sec.

IV. Summary

Th> energy spectra of electrons generated by collision~free multiphoton

ionizatirn of Xe, Kr, Ar, and Ne exposed to picosecond 193 nm radiation have

been studied up to an intensity of ~ 1015 W/cmz. In addition to the appearance
of -the lowest order ionization lines, all spectra exhibit above threshold

ionizat icn (ATI) transitions, although gith‘éonsidgrably lower intensity. The |

4ptobabi‘ +3 of ionization and the braqphing iﬁto specific final ion states

W N AR DN GRS
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appear sensitive to the pre—sence of near-resonances with excited atomic states.
The rapid decrease in the electron line intensity with increasing nonlinear
6:60:!0me:, mmriaontocoﬁupondingspectnobuinodat
visible and infrared wavelengths, is qualitatively in agreement with calculations
of the transition probability which take into account certain features of the
interaction including the temporal laser pulse shape and saturation. No shift
of the mrasured electron spectral features could be unambiguously attributed

to the dynamic stark effect. or the influence of the ponderomotive force.
Furthermore, the influence of excited ionic gonfigurations, multiply excited
valence shell levels, or inner-shell excited states on the observed intensity

patterns of ATI~lines appears to be negligible.

In the formation of higher charged ions, the data indicate that the
sequential liberation of electrons is the dominant process governing the
interactisn over the range of physical parameters studied. This characteristic
of the process is most evident in the electron spectra exhibited by xenon. In
this case, the appearance of overlapping A'rI-ladd;r series shows that the

sequentiai mechanism is the main process leading to the formation of Xe2+

and Xe3+.

The closing of specific low energy channels due -to the influence of the
ponderomotive potential has also been observed and the intensities at which
these channels are suppressed conform qualitatively to that predicted
theoretically. It seems possible, that in properly conducted experiments,
that this effect could be used to measure the maximum intensity occurring in
the focal volume.

An examination of the competition between mechanisms of direct multiple
ionizatinn ahd sequential ionization leads to the conclusion that, given the A

~

range o n'nysi—cal conditions studied, all experiments conducted so far are

te
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expectad to 'st;'bngly favor ionization by the seguential process. Conversely,
enhancerent of the direct p:oeass may ocour in a physical regime for which !
| the - :..3sion of electrons ii. low energy channels is sufficiently retarded by
the i .7luence of the ponderomotive potential. The condition: necessary to
exari - this situation can be experimentally realized by modern ultraviolet
sourcy; operating in the sub-picosecond region.
‘The two-photon line for Xe, thelowest order ionization process for that

mat. i1 at 193 nm, is located energetically adjacent to‘ the -autoionizing

2_ 52 0

Rydbevg series which converges to the 5s“5p™ P excited ion state. This

1/2
feai: : is observed to split into a well resolved doublet at laser intensities
bei: 4 1010 - 1012 W/cmz. This observation has been tentatively interpret:d

as - .ising from the Autler-Townes effect.
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ALt TABLE II. Rnlativa ion chargc state abundance for Xe, Kr, and Ar obtained
‘ ; - in an ion tiu-of-mght e.xpox:l.-ent 3.4 undex conditionl comparable
RN ’ .
F:'-;-i to the présent electron data. Based on this distribution. the
b *n‘

Hr expected relative electron production rate in purely sequential
’:b or direct processes, respectively, are given.

Wut

a5
s
o
S RELATIVE ION CHARGE STATE
A5 ELEMENT ABUNDANCE 1+ 2+ 3+ 4+ S+ 6+
L % (8 -
>
5o
L Xenon ions 49 31 17 2.6 1.1 0.27
B
'-"‘i:‘
-, electrons 56 29 12 2,2 0.8 0.15
sequential
K electrons 27 '35 28 5.8 3 1
7." 3 direct
‘;,_:: -
-4 Krypton ions 82 14 3.3 0.3
4 -
" electrons 82.3 14.5 2.7 0.25
,:'-g sequential
N4
:_, ] .}j electrons 68 23 8.2 1l
L w direct
e .
n
P Argon ions 91 9
“w
e
Pl electrons 92 8
. >i';' sequential
‘ o electrons 84 16
&/’( direct
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Ilportant mltiphoton channels of ionization in the pmduction of
krypton charge states by the seqnential nechani.sn. Listed quantities

- are represented similarly to those in TABLE IlI.a.

— - . - )
CODE| PROCESS ELECTRON ENERGY (ev): |
a | xe 4324p6180 + 3v,4v,57,6y + k'’ 5zp° . 5.24,: 11.65, 18.06; 24.47% -
b e T e .. 1.08;7.49 ,
c 4,5y e N :.0.52,.6.93
a 4Y,5v 31»0 +e .. 0.43, .84
e Sy » Keo' 4s24'p411>2-. e 5.67:
- BT 30
£ 5y . Sy * e 3:38
g | x?* as?ap?e) 4 6v,7v s ke 45241)3483 2 e .i.1257; 7298
h 31’1 v 6v,7Y ‘e ;- 1.01,-7:42
i 3p0 + 6Y,7Y +e ...0.92;,.7.33
3 lnz + 6Y,7Y +e ...6.16, 12,57
X 1so + 6Y,7Y +e | :3.88, 10'.29
TABLE III.c. Important multiphoton channels of ionization in the production of argon
charge states by the sequential mechanism. Listed quantities are repre- -
s
‘,’.;h.'.' sented similarly to those in TABLE III.b.
oo
,; CODE | PROCESS ELECTRON ENERGY (eV)
e ' _ .
'-;2- a Ax 3s323p6"8o +' 3v,4v,5Y,6Y, 7Y >atts 23p52p‘3’/2 3.48, 9.89,16.30; :22:71,29,12
o -
: ~
hLY ) -
5y b 3 23p52Pg yo + SY,67.7Y + ar?t 3823p43P +e -4.44, 10.85, 17.26
il
wole : 5Y,6v,7Y %, 4o " 4.30, 10,71, 17.12
i :
. * 3 - _
Z,‘FZ d 5Y,6Y,7¢ Py +e 4.25, 10.66, 17.07
7 , ~ A
e 57%.6Y,7v - 102 +e “2.70, 9.11, 15.52
rg, £ © . 5MeY,Y Yyt e " 0.31,.6.72, 13.13
- - _ _ ——
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FIGURE CAPTIONS

:+ Schematic diagram of the electron tin_e-of-ﬂ:‘ight spectrometer.
Also shown are the z-dependence of the magnetijc field on the z-axis
and the magnetic field configuration with a helical path of an

electron moving from the high field interaction region to the low

field region at the detector.

a) Calculated form of the time-of-flight electron distribution for
m:;menergetic electrons. M anisotropic coszeofdistribution for

the emission aﬁqle eo relative to the z-axis is assumed. For 10 ev
electrons, 90% arrive at the detector with a time difference of

AT/T - 1.8% corresponding to AE = 380 neV. FRetarded to 1 eV in

the . arift tube, the figures are AT/T = 0.8% and AE ~ 17 mev.

b)  Measured linewidth of the three photon absorption line (5.24 ev)

in Kr at an intensity of ~ 5 x 10t w/cmz,_ leaving the ion in the

2 p° :
3 /2 ground state. The dependence on the retarding voltage and

gas-. pressure is shown. The change in enexrgy resolution and the

influence . of space charge effects are evident.

3: Typical electron time~of-flight (TCP) spectra for Xe, Kr, Ar, and Ne:

irradiated with a 193 nm laser pulse of ~ 5 psec duration. The line
identification is given in the schematic energy level diagrams showing
relevant energy levels, multiphoton transition (single arrows) and
electron emission lines (double arrows). Excited neutral and ijonic
configurations are indicated by the boxes below the ionization limits.
Bacquoqnd lines are labeled are BG. The "prompt"” line generateqd

by scattered 193 nm radiation impinging directly on the channel

plate 13: follwed by a group of photoelectrons produced on the

accelerating grid placed in front ‘of the detector. The experimental

.""\\-. L g Dol o Pl e o e I e St S D A AR NN S L TR -~
ST NP "o‘lyh RN -‘ o ’uh’l A* WY A l‘)&‘,!’b’h‘!‘»f? 0 N"‘ Werteayh




LS - ] i )
L . , . - -126-~

- T . .

: j _ . parameters associated with these spectra are listed in Table I. The
o inset in the Ar TO® spectrum was taken w:l.tl} a retarding voltage
ey of -2V. The intensity of the line at & 3.3 & is underestimated in.
*: this recording.

o Pig. 4: Laser intensity dependence of the Xe TCF electron spectrum recorded
;";:i at low énergy resolution (no retardation). The electron energy range
3\: spanned is-between';:o.3ev and ~ 100 &,

" Pig. 5: High resolution Xe-electron energy spectrum recorded at a 193 nm

*)-' laser intensity of & 105 %w/cm> and a gas pressure of ~ 4 x 107 rorr.
Eé The enerqy'scale has been calibrated at low lasef energy, where the
;:’ lines are unshifted (see text). The identification of the lines

»#5 with thei? respective above threshold ladder series is shown on top
§§ of the spectrum. The letter labeling refers to the specific

‘*= sequential processes listed in Table IIX.a to which the main component
g_b of the observed line is attributed. The associated number indicates
%55 the number of the photons absorbed.

- |

A N

a&; Fis7. 6: Splitting of the two photon 0.7 &V electron emission line observed in
:E xenon:: as a function of increasing 193 nm intensity at a gas pressure
i;: of ~ 10-'6 Torr. Only the 10 nsec 2SE component of the 193 nm laser

pulse was used for excitation.
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