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Multiphoton ionization of He by using intense high-order harmonics in the soft-x-ray region
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We report on the multiphoton ionization processes in the soft-x-ray registB0 nm. On the basis of the
measured time-of-flight spectra for both ions and electrons obtained using intense soft-x-ray pulses produced
by high-order harmonics, the cross sections of the two-photon double ionization and above-threshold ionization
of He are estimated. The high-intensity soft-x-ray radiation achieved by phase-matched high-order harmonics
enables the investigation of these nonlinear optical processes, which were beyond the reach of conventional
light sources.
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The study of double-ionization processes following thethis photon energy of 25 eV cannot induce TPDI of He. This
absorption of photons is of paramount importance in physicsituation has changed recently due to the advent of an intense
as it gives insights into strongly correlated quantum dynameoherent soft-x-ray source based on high-order harmonics
ics. The observation of the energies and angular distributiong{H). We have produced the highest peak photon flux
of the ions and/or electrons produced by double ionizatio~102¢ photons/mrA mrad s) in the soft-x-ray regior(the
provides important information concerning the electron cor-27th harmonic of Ti:sapphire laser; a wavelength of 29.6 nm
relation. Helium is the most important and Simp|eSt Systerrhnd a photon energy of 41.8 é\by high_order harmonics
for research concerning such electron correlation. [22]. When such a harmonic pulse was focused with an off-

In the short-wavelength, low-intensity region, experimen-axjs parabolic multilayer mirror, the focused intensity
tal and theoretical works on the single-photon double ionizazttained 1< 104 W/cn? [23], which is considered to be suf-
tion of He have been progressing considerably well usingicient for inducing nonlinear optical phenomena in the soft-
synchrotron radiatiofreviewed by Briggs and Schmifit]).  x-ray region.

Also, nonsequential double ionization of He using long- |n this paper, we report on the observation of multiphoton
wavelength(~800 nm), high-intensity laser pulses has beenignization processes using 41.8 eV soft-x-ray photons and
investigated extensivelj2—6]. Between these two extremes, the estimation of the cross sections of TPDI and above-
there is another important area of double ionization. This ighreshold ionization of He. Intense soft x-ray generated by
two-photon double ionizatiofTPDI) of He by intense soft- phase-matched HH enables the investigation of these nonlin-
x-ray radiation. This ionization process cannot be inducegar optical processes.

until the photon energy exceeds half the ionization energy of The relevant energy diagram of He, Heaind H&* and
TPDI, i.e,, hv=39.5 eV. Anticipating the development of jonization pathways using 41.8 eV photons is shown in Fig.

intense coherent soft-x-ray sources, many theoretical studies when two-photon absorption occurs. The possible ioniza-
of the two-photon ionization processes of He including TPDltion pathways are as follows:

have been reported—16|.

The observation of two-photon ionization processes in the
soft-x-ray region has also been a very attractive and chal- 10—
lenging area of research in quantum electronics since the first 100 -
observation of second-harmonic generation and two-photon
excitation in the visible range in 1961. No observation of

TPDI
00 |9 (E) +e(Es) Jo(E) [o(E)

nonlinear optical process by soft-x-ray photons, however, has e NS\ —-He™179.0
been reported because of a lack of intense short-wavelength = OF |\& 2s,2p
light sources although some researchers have observed non- % eo| T
linear processes in vacuum ultraviolet regidiy—20. Re- g 50 -
cently, nonlinear two-photon procesgedove-threshold ion- & e(E)
ization) of rare gas atomgHe, Ar, Xe) by using the fifth 4or
harmonic(25 eV) of a KrF laser are reportd@1]. However, 30 &) T
20 _3; He'q 24.6
o=
107§
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tute for Molecular Science. FIG. 1. Relevant energy diagram of He, Hand H&* and
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He +hv
— He*(1s) + € (E;) [one-photon single ionizatiga™)],
(1)
He + Z]V — He+(1s) + e_(Ez) [ATI (UATl)]i (2)
He + 2hy
— He*(nl) + e (E3) [ionization with excitatiofioy,)],
(3
He + 2hw — He?* + €7 (E,) + € (Es) [TPDI(orpp))], (4
He +hv—He*(1s) + € (Ey),
5
02+
He'(1s) + 2hv—He?* + e (Eg)
[sequential double ionization(dseqy ],
i
He + 2nv—He'(nl) + e (Ey),
(6)

2+
Tn|
He*(nl) + hv—He? + e (E,)

[sequential double ionization@seqa |-
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TABLE I. lonization cross sections, in units of T8 cn* s, of
the theoretical calculations and this experimental work.

Researchers ATl  Excited states TPDI
Nikolopouloset al. (Ref. [8])b (0.48 0.019
Mercouriset al. (Ref. [10])° 0.015
Nakajimaet al. (Ref. [12])® 1.0 6F 8.1
Colganet al. (Ref.[13])° 1.0 14 1.2
Laulanet al. (Ref. [14])° (15.7) 1.7
Fenget al. (Ref.[15])° (200 0.25
Ishikawa (Ref.[16])° 0.53 56 0.30
This work 2 100 0.4

*The values in parentheses are the sum of ATl and excited states.
®42.5 eV.

°41.8 eV.

%5 ev.

°Only the &, 2p excited states.

fOnly the 2 excited state.

ions produced by single-photon absorption. Therefore, we
observe photoelectron energy spectra for detection of the ATI
process instead of ion measurement. Although TPDI process
also produces characteristic electrons, TPDI signal of pro-
duced electron is difficult to be detected due to low-energy
electrons produced with residual weak harmonics as de-
scribed below.

Theoretical calculations of the cross section of each ion-
ization pathway have been reported by many grdip4.6).

Here, Hé(1s) and Hé(nl) represent the ground state and These results are summarized in Table |. The reported cross

excited stategprinciple quantum numben=2 and angular

sections of ATl and TPDI show a difference larger than one

momentuml) of He", respectively. The photoelectron ener- order of magnitude. Thus, the measurement of ATI and TPDI

gies of each pathway ae,=17.2 eV,E,=59.0 eV, andg;
=18.2 eV forn=2, E,+E5=4.6 eV, Eg=29.2 eV, andE;
=12.6 eV forn=2 at a photon energlgr of 41.8 eV.

All the ionization pathways except fqd) include two-
photon (nonlineaj processes. Pathwag4) (TPDI) is the

provides very valuable data for theoretical calculation and
advances the understanding of electron correlation.

In the experiment, we measured the mass spectra of ions
with a conventional time-of-flightTOF) mass spectrometer
with L1op=33 cm drift length and a microchannel plate

most distinct feature of the ionization process induced byMCP) detector ofd=2.54 cm diameter. Three electrodes in
absorption of high-intensity soft-x-ray photons. In additionthe TOF spectrometer apply extraction and acceleration volt-
to being a nonlinear process, this pathway produces a corrages for ion experiment and ground voltages for photoelec-
lated electron pair. This electron pair shares the excess etron experiment. Several harmonics around the 27th har-
ergy (AE=2hv-IP,2+=E,+Es=4.6 e\). This ionization monic generated with a femtosecond pulse of a Ti:sapphire
process does not occur by using a photon energy lower thdaser (a pulse width7 of 23 fs, a central wavelength of
IPhe2+/2=39.5 eV, corresponding to a wavelength longer800 nm, a pulse energy of 20 mJ/pulse, and a repetition rate
than 31.4 nm(that of the 25th harmonic of the Ti:sapphire of 10 H2 were separated from the intense fundamental pulse
lase). Pathway(2), known as an above-threshold ionization with beam splitte(s) of silicon or silicon carbidd25], then
(ATI) process[24], is also significant because it competessent to a spherical mirror multilayered coat of silicon
with TPDI. It is important in atomic physics to determine carbide/magnesiurSiC/Mg) with a radius of curvature of
how many electrons go into each pathway. 100 mm in the interaction chamber. The SiC/Mg mirror has
Concerning the production of the doubly chargecPHe the reflectivity of 24% at the 27th harmonic. The polarization
the nonlinear process is required through pathw@ys(6). of laser and harmonics is parallel to the TOF axis. The en-
Therefore, the observation of Heprovides clear evidence ergy of the 27th harmonic was estimated to be 24 nJ/pulse in
for the nonlinear interaction in soft-x-ray spectral region.the interaction region with 50% energy fluctuation. The spot
The ATI process also occurs by two-photon absorptionsize was estimated to he,=3.1 um from a separate experi-
Therefore, the observation of ATl electrons provide such eviment[26]. Thus, the intensity of the 27th harmonic was es-
dence as well as significant information concerning the comtimated to bel =7 10" W/cn?. Here, we regard the pulse
petition of the ATI and TPDI processes. However, since thewidth of the 27th harmonic to be the same as that of the
final charge state of this process is single-ionized ion, it iSundamental. Since the pulse width of the harmonics is
impossible to detect it separately from the single-ionizedshorter than that of the fundamenfaB], our estimation of
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FIG. 3. Photoelectron spectra of Ha) A wide spectrum aver-
aged using an oscilloscopd) An expanded view of the photoelec-
tron spectrum measured by electron counting. The bottom axis rep-
resents photoelectron energy. The top axis corresponds to the TOF
of electrons.

FIG. 2. TOF mass spectra dfie.

the harmonic intensity may give lower limit. The confocal
parameter was also determined to be 280 from the same
experimen{26]. Based on the values of the confocal param-
eter and spot size, the interaction volumes estimated to be tecting the ATI electrons. The averaged spectrum of the TOF
3.5x10°% cm®. experiment for electrons is shown in FigaB The setup and
The TOF spectra were recorded on a oscilloscope and/or signal processing used in this experiment are similar to those
computer, then averaged to assign the strong peaks whialsed in the ion TOF experiment except for the use of the
originated from the single-photon process and also process&tDF chamber for the electrons. The sample gas is introduced
for counting the signals which exceed the threshold voltagénto the interaction chamber through the pulsed valve syn-
to find the weak signals in the spectra. The isotfige was  chronized with harmonic pulses because electron signal is
used as the sample gas in the ion experiment to avoid theery weak. The strongest peak at 142 ns corresponds to the
overlap of signals betweéle?* and H,*, the latter of which  photoelectron which accompanies the single-photon ioniza-
originated from residual water in the vacuum chamber. Thedion from He to Hé(1s) of the 27th harmonic. The other
sample gas is introduced continuously into the interactiorphotoelectron signals, which are originated from single-
chamber through the variable leak valve up to 1photon ionization, appear at 158 ns for the 25th harmonic
X 104 Torr. Therefore, the target gas density at the interacand 131 ns for the 29th harmonic. With the counting mea-
tion region is determined to k=3.2x 10'? cm™3. The num-  surement(Ng,,=30 000 of the spectrum, we found the re-
ber of shots accumulategpo) is 10 000. markable feature of photoelectron at the TOF of 76 ns as
Figure 2 shows a spectrum of the ions produced by thghown in Fig. 8b) by an arrow. By converting the TOF to
interaction between the focused harmonic pulses 3tel  kinetic energy using the assigned peaks, this fasgh-
The strongest peak of 2.1%s can be assigned fie”. The energy peak was ascribed to photoelectrons with an energy
production of*He" results dominantly from the one-photon of 59 eV produced via the ATI of the 27th harmonic. This
absorption ofHe. The effects of the consumption of neutral result is more evidence of the nonlinear optical process. The
He is negligible under our experimental conditions. electron signal gives us the nonlinear cross section for AT,
The peak at 1.5%s of the TOF spectrum, shown in Fig. oa7, which should be compared withpp, to investigate the
2, can be assigned as doubly chargee®*. The peaks at the competition of the two nonsequential ionization processes.
TOF of 1.24us and 1.75us correspond to the signals of H We can extract the quantitative information of the nonlin-
and H," ions originating from residual ¥0 molecules in the ear processes detailed in Fig. 1 from the experiments of the
vacuum chamber, respectively. The signal®Be?* clearly ions and the electrons. In our theoretical model, harmonic
appears between the*ksignal and H signal. The genera- intensity keeps constant valil=7x 10> W/cn?) over the
tion of doubly charged Hé confirms the first observation of focal volume. Although the TPDI signal of the electrons
a nonlinear optical procesgwo-photon absorptionin the  could not be determined directly, we can estimate the cross
soft-x-ray region. section of this ionization processypp, Using the number of
We carried out a subsequent experiment to measure thgetected doubly charged iofi,,>*=200 as follows.
photoelectron spectréPES so that we could estimate the  |onization pathwayg4)—(6) contribute to the production
contribution of TPDI to the ionization process responsibleof observed H&. So, we define the combingtbtal) cross

for the production of H&. Unfortunately, a few harmonics section for the generation of Re(o,,2*) as

other than the 27th were partially reflected by the SiC/Mg or

mirror, thus disturbing the photoelectron spectra in the en- Tion = OTPDI* Oseq1t Oseqe

ergy range of 0—4.6 eV, in which TPDI electrons are ex- Tseq2

pected to appear, due to the large signals of the single-photon =orppi| 1+ * Osequ (7)
ionization processes. Accordingly, while we could not ob- TPDI

serve electrons from the TPDI process, we succeeded in dethere Oseqi=0" (1 /hv) 70?* and Tseq2
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=yl excited stalgs,2¥(| 1hy) 7]o*, are the effective cross sec- 1

tions of sequential double ionizations 1 and 2, respectively. fo(6,¢) = 4’ (11)
o andd?* are the cross sections of the He to"Hes) and of

the He (1) to HE* ionization processes, respectivedy,* .

and o2 are the ionization cross sections of the He to _ 2

He*(nlr;I ionization process with two-photon absorption and f2(6,¢) = 1677(3 cos §-17% (12

of the He(nl) to HE?* ionization process with single-photon

absorption, respectively. The number of detected'ktmns is )
P P y where 6 and ¢ represent the polar angle and the azimuthal

represented biX..2*=c. 2" (1/hv)2NpeNgho€ion WhereN . ; - ;
P Wion " =0ion~ (1/119)*7NeNshofion He  angle with respect to the harmonic polarization, respectively.

s the number of He atoms in the interaction region, which i fact, there is the interference effect because these two
estimated to be 12_104 fr(_)m the mgasure_m_ent of the pres- pathways occur simultaneously. However, the calculation
sure, ande,, of 0.6 is the ion detection efficiency of the ion predicts that the contribution of the pathway witkO is five
detectof28]. The combined cross S,eCti“ﬂ)n2+ 'ZE calculated  {imeg smaller than that of the pathway witk 2 [16]. There-

to be 1x 107°? et s from this relation and,,™" is derived  fore e consider only the angular distribution withe 2.
from the experiment. Thus, we found the left-hand side ofrhe collection efficiency based on the angular distribution
Eqg. (7). The second term on the right-hand side of Ef, engularig

Osequ i Obtained fromg?*=2.9x 107%2 cn?, which can be

exactly determined by guantum calculation since' litea

hydrogenlike system[11,27, and ¢*=2.86x 1078 cn?, eg{;%“'af:fdmz(a,(p)

which is taken from the experime[9], resulting in aogeq

of 2x 10°% cnt* s. Therefore, the remaining unknown value m mcp=2.2° .

in Eq. (7) is 0seqd orpp Which is needed to estimaterpp. :fo dd’JO dof,(6,¢) sin 6

With the assumption that the first excited state2, =1
is the dominant contribution of the excited state of*He =1.8x 1073, (13
Tseqa Which is theoretically supported by calculatidii, 16,

the ratioogeqd orpp Can be approximated as . )
where fycp=tar! (d/2L;op) is the maximum polar angle

o, 4 viewing MCP. As a result, we obtain the detection efficiency
OseqdOTPDI ~ (”hV)T‘sz (‘sz lorpp). ) of electron, ege=1.3x 1073,
The ratio of the cross sectionszp"/anD, in Eq. (8) The PES signal measured at the time when harmonic

should be~332 making the same assumption because Fen ulses and gas jet are synchronized is ten times larger than

and van der Hart and other research groups reported the thf1at measured when those are not synchronized. In these two
oretical value of the rati®, o, "/ orpp consistently, as de- conditions, the static gas pressure in the interaction chamber
ni*~n l

4 ; . i
scribed in Ref[15]. Using the result of the exact calculation, Ke€PS X 107 Torr. Since the PES signal at asynchronized
0, 2" is 1.2x 10712 cn2. Thus, we can find the left-hand side timing reflects the static gas pressure, the sample gas density
of2 Eqg. (8) is ~1. Finally, we conclude thatpp, is 4 in the interaction region at the synchronized condition is de-
% 10°53 cnf s because the rest of the values in E0).have termined to bed=3.2x 10 cm™3 (1 1072 Torr). Consider-
already been estimated. ing that the total number of He atoms in the interaction vol-
The cross section of ATz, can also be estimated from Ume(Nye) is 1.2X 107, We can determine the cross section of

the number of observed ATl electrorl$sr, =20 in this ex- ATl oan, to be 2<10°2cm's using this relation. This
periment. The number of observed ATl electroht,,, is Value agrees with the theoretically calculated values
described to beNar; =oary(1/h1)2NyeNenogeico WHETE €gjoc [12,13,164 (see Table )l within a factor of 4. It should be
=1.3x 102 is the detection efficiency of ATI electrons. This noted that their cross-section values include the experimental
detection efficiency, .. is estimated from the angular distri- €fror- The largest error is originated from the fluctuation of
bution of the ATI electrons and MCP detection efficiency for theé harmonic energy. If the harmonic intensity is two times
electrong =0.7 (Ref. [30])]. For the collection efficiency at- larger than our estimated intensity, the cross section of TPDI

tributed to the angular distribution of ATI electron, we have P&comes zero. On the other hand, if the harmonic intensity is
to consider two different final states as follows: a half of our estimated intensity, the cross section of TPDI

becomes 2.%10%? cnt* s.
In conclusion, the two-photon ionization of He with in-
He + 2w — He'(1s)+e(1=0), L=0, (90 tense high-order harmonics was investigated and then non-
linear optical processes were observed in the soft- x-ray re-
gion by observation of the highest peak photon flux of the
He+2hw— He'(l9)+e(1=2), L=2, (100  phase-matched harmonics. From the yields of*Hed pho-
toelectrons, the cross sections of TPDI and ATl were esti-
mated. We believe that our results will lead to a new research
wherelL is the total angular momentum. The angular distri-area in nonlinear optics in the soft-x-ray region as well as
butions of each pathway, (6, ¢), are represented as follows: correlated quantum dynamics.

023407-4



MULTIPHOTON IONIZATION OF He BY USING ... PHYSICAL REVIEW A 71, 023407(2005

This research was supported by Ministry of Education,Grant No. 16686006 and Grant-in-Aid for Young Scientists
Culture, Sports, Science, and Technology Grant-in-Aid for(B) under Grant Nos. 15760034 and 16740237 and by the
Scientific Research on Priority Areas under Grant No.Special Postdoctoral Researchers Program of the Institute of
14077222 and Grant-in-Aid for Young Scientigs) under  Physical and Chemical Resear@RIKEN).

[1] J. S. Briggs and V. Schmidt, J. Phys. 8, R1 (2000. [16] K. L. Ishikawa (unpublishegl

[2] D. N. Fittinghoff, P. R. Bolton, B. Chang, and K. C. Kulander, [17] D. Xenakis, O. Faucher, D. Charalambidis, and C. Fotakis, J.
Phys. Rev. Lett.69, 2642(1992. Phys. B 29, L457 (1996.

[3] K. Kondo, A. Sagisaka, T. Tamida, Y. Nabekawa, and S. Wa-[18] VY. Kobayashi, T. Sekikawa, Y. Nabekawa, and S. Watanabe,
tanabe, Phys. Rev. A48 R2531(1993. Opt. Lett. 23, 64 (1998.

[4] Th. Weber, M. Weckenbrock, A. Staudte, L. Spielberger, O.[19] N. A. Papadogiannis, L. A. A. Nikolopoulos, D. Charalambi-
Jagutzki, V. Mergel, F. Afaneh, G. Urbasch, M. Vollmer, H. dis, G. D. Tsakiris, P. Tzallas, and K. Witte, Phys. Rev. Lett.
Giessen, and R. Dorner, Phys. Rev. L&, 443(2000. 90, 133902(2003.

[5] B. Walker, B. Sheehy, L. F. DiMauro, P. Agostini, K. J. Scha- [20] P. Tzallas, D. Charalambidis, N. A. Papadogiannis, K. Witte,
fer, and K. C. Kulander, Phys. Rev. Leff3, 1227(1994). and G. D. Tsakiris, Naturé_ondon 426, 267 (2003.

[6] Th. Weber, M. Weckenbrock, A. Staudte, M. Hattass, L. Spiel-[21] N. Miyamoto, M. Kamei, D. Yoshitomi, T. Kanai, T.
berger, O. Jagutzki, V. Mergel, H. Schmidt Bécking, G. Urb- Sekikawa, T. Nakajima, and S. Watanabe, Phys. Rev. O&t.
asch, H. Giessen, H. Brauning, C. L. Cocke, M. H. Prior, and 083903(2004).

R. Dérner, Opt. Express$, 368 (200J). [22] E. Takahashi, Y. Nabekawa, T. Otsuka, M. Obara, and K. Mi-

[71M. S. Pindzola and F. Robicheaux, J. Phys. &, L823 dorikawa, Phys. Rev. 466, 021802R) (2002.

(1998. [23] H. Mashiko, A. Suda, and K. Midorikawa, Opt. Le®9, 1927

[8] L. A. A. Nikolopoulos and P. Lambropoulos, J. Phys. &, (2004).

545 (2007). [24] P. Agostini, F. Fabre, G. Mainfray, and G. Petite, Phys. Rev.

[9] J. S. Parker, L. R. Moore, K. J. Meharg, D. Dundas, and K. T. Lett. 42, 1127(1979.

Taylor, J. Phys. B34, L69 (2001). [25] E. J. Takahashi, H. Hasegawa, Y. Nabekawa, and K. Mi-
[10] T. Mercouris, C. Haritos, and C. A. Nicolaides, J. Phys38 dorikawa, Opt. Lett.29, 507 (2004).
3789(2001). [26] E. J. Takahashi, Y. Nabekawa, H. Mashiko, H. Hasegawa, A.
[11] K. Ishikawa and K. Midorikawa, Phys. Rev. &5, 043405 Suda, and K. Midorikawa, |IEEE J. Select. Topics Quantum
(2002. Electron(to be published
[12] T. Nakajima and L. A. A. Nikolopoulos, Phys. Rev. A6, [27] F. T. Chan and C. L. Tang, Phys. ReiB85, 42 (1969.
041402(R) (2002. [28] J. L. Wiza, Nucl. Instrum. Method462, 587 (1979.
[13] J. Colgan and M. S. Pindzola, Phys. Rev. Le®8, 173002 [29] J. A. R. Samson, Z. X. He, L. Yin, and G. N. Haddad, J. Phys.
(2002. B 27, 887(1994.
[14] S. Laulan and H. Bachau, Phys. Rev.68, 013409(2003. [30] M. Galanti, R. Gott, and J. F. Renaud, Rev. Sci. Instruya,
[15] L. Feng and H. W. van der Hart, J. Phys.35, L1 (2003. 1818(1971.

023407-5



