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Ultrafast x-ray processes with hollow atoms
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An ultrafast inner-shell ionization process, together with x-ray emission stimulated by high-intensity short-
pulse x rays, is studied. In this process it is found that the multi-inner-shell ionization predominates, leading to
the formation of hollow atoms. These hollow atoms play an instrumental role in high brightness x-ray mea-
surements of the ultrafast dynamics in chemistry, biochemistry, biology, and materials. As the pumping x-ray
power and thus the density of hollow atoms are increased, the emission of x rays is not only of significance for
the measurement but is good for x-ray lasing. This lasing mechanism has a clear advantage over the conven-
tional inner-shell ionization method, yielding a gain value of more thehchd ! over a relatively long time.
Classes of experiments of pump x-ray probe and x-ray laser are sugd&t680-2947®8)01009-9

PACS numbds): 32.80.Hd, 42.55.Vc, 52.25.Nr

I. INTRODUCTION length, and propagation lengtt®) The x-ray power bursts in
a very sharp and short pulgeomparable to the laser pulse
The emission of high-intensity short-pulse x rgyis-5] length. For example, at the laser power of 30 TW focused
has attracted a great deal of attention, stimulated by a resn a 3umx10-um target, the x-ray intensity due to the Lar-
markable advance in short-pulse laser technol@9]. In mor is 13° W/cn? and the peak energy is about 200 eV by
the present paper we show an example of the production of getting up the parameter values a§=6, A\, =1 um, n,
rays with the use of the interaction of atoms with high- =3x10?> cm 3, andZg=100um. Alternative methods to
intensity short-pulse x rays. We find that an ultrafast atomiahe Larmor x rays to obtain the driving x rays may be x rays
process resulting from this interaction can give rise to thegenerated by surface high-energy electf@ or x rays by
formation of hollow atoms. Further, it is found that this for- inner-shell electron bremsstrahlung of a high material
mation has favorable properties for x-ray laser emission. Itiriven by intense laser. Irradiating such x rays on certain
may be also useful for high-brightness x-ray measurement.atoms with appropriate conditions should lead to ultrafast
Recent progress in intense pulsed lasers allows newner-shell excitation.
sources of high-power x rays such as high harmonic genera- As Guoet al. have pointed out in their experimental dem-
tion [1], which is based on laser driven periodic bremsstrahonstration of the lattice displacement of GaAs single crystals
lung. Among these x-ray processes upon the irradiation of11], pump x-ray probe techniques with the use of such high-
intense laser pulses on lod-matter the Larmor radiation intensity short-pulse x-ray sources are essential in develop-
due to the acceleration of electrons in the laser electromagng the measurement of ultrafast processes in chemistry, bio-
netic fields is of much importance for the drive of ultrafast chemistry, biology, and material scien¢@hey measured it
optical processes involving the inner-shell excitation. Thisat intervals of a few picosecondgsn femtosecond spectros-
Larmor radiation driven by intense short laser pulses has theopy, pump-probe techniques together with the advance of
following properties(1) The radiative spectrum of Larmor x femtosecond-pulse laser technology enable us to realize the
rays has a peak ai=a3w, [Wwherew, anda, are the laser measurement of the femtosecond ultrafast chemical reaction
frequency and normalized laser fieldyEeEy/mwgc)], in - [12]. Further, this method has given birth to the detection of
contrast to the bremsstrahlung whose spectrum is flat. Onlgome remarkable new ultrafast processes in biology, for ex-
when the laser power enters the relativistic reginag ( ample in the photoreceptors of our eyd8-15, or photo-
=1), does the laser-induced Larmor x ray begin to appearsynthesid16-18. We believe that pump x-ray probe tech-
(2) The radiative power of Larmor radiation increases lin-niques by the high-brightness femtosecond-pulse x-ray
early proportional to the laser intensity and to the density osources resulting from Larmor radiation are very useful for
electrons, whereas the bremsstrahlung power increases the understanding of femtosecond processes. Namely, we
proportion to 1.5 powers of the laser intensity and square ofan measure the components, states, and structures of fem-
the electron density. Although many nonlinear processes camsecond processes in chemistry and biology. We show a

change, the linear intensity of Larmor radiation % class of the experiment of high-intensity femtosecond-pulse
5 ) x-ray measurement. Moreover, hollow atoms as well as
ag+8 (1 um i -shell ited stat I i tant role i h
_ 5.2 Ao M inner-shell excited states may play an important role in suc
| Lx(Wient)~0.91x 10%%ag 2a§+ 81 N ) high-brightness x-ray measurements. The detection of the x-

ray emission from hollow aton]49-21], which results from
Ne the interaction between a slow ion with a few electrons and
101 cm3)ZR’ (1) the surface, is also a noteworthy topic.
The inner-shell ionization process has been thought to be
wheren,, A, andZg are the electron density, laser wave- among the useful methods for x-ray laser emis$@227.

X

1050-2947/98/58)/20079)/$15.00 PRA 58 2007 © 1998 The American Physical Society



2008 KENGO MORIBAYASHI, AKIRA SASAKI, AND T. TAJIMA PRA 58

It was proposed by Duguay and Rentzef#2]. However, no inner-shell
there is no experimental demonstration of this method for the Rn,zy' etectrons (2n)
x-ray laser emission as far as we know. Kaptégn] an_d gf:t"ewniﬁg‘; o R2n-1,2n

Moon et al. [25] theoretically showed that the lasing gain of Am\A Aan

10 cmi ! in the “water window” frequency regime associ- Rn-1,n A | 2n-t

ated with theK « transitions is possible by irradiating x rays 2"“3/' |

of 10%— 10 W/cn? intensity and 50 fs duration on Ne or ¢~ (state numeern-1) | | |

atoms with 18%cm™3 density. Because of secondary l | 3 3
electron-impact ionization it has been thouf28] that a low | | Rosane3
density €10?°cm ™) is needed for operation, which of y S |

course amounts to é&elatively) low gain. In our previous i AN_\M;A&
paper[27] we showed that the formation of hollow atoms - R1,2 R1V L |

contributes to overcoming this detrimental effect of the sec- 9y inner shel ' Rosl.ne2
ondary electron impact ionization by taking an example of  (state number 1) A A —

the Na atoms with no 2 electrons. Further we pointed out Ro,1 - Aat
that the 3—2p transitions(in comparison to th& « tran- Atoms HO,r/

sitions of Q of low Z atoms reduce the necessary intensity of  (state number 0)

the x-ray source. Thus, we employ the-32p transition of Upper states

Na as the atomic process, as the Na atom is the simplest for . . ission f he sinal
) laser with the 8- 2p transition.[For example, the FIG. 1. Atomic processes in x-ray emission from the singly

.an x-ray . " ! excited states and hollow atoms.

inner-shell 2 electron excited states in Na cannot decay

through autoionizatiorfAuger processe$.Among the pos-

Lower states

sibilities such as a NaH molecular crystal or nonmetallic va- No=—(Ro,1+Ron+1)No,
por Na less than one-sixth of the solid den$g], we adopt
a NaH crystal. In hollow atoms with nog2electrons of a Na le Ro1No— (A1 + A+ Ry 5+ Ry 2)Ny,

atom, the 3 electron of NaH may be treated as an atomic
state: the attractive force from the Na atomic nucleus is much
stronger than that from hydrogen because there is no screen-
ing effect by 2 electrons of the Na atonfWe may ignore .
atomic processes in the H atom because the photoionization Nn-1=Rn-2n-1Nn-2=(Amn-1+Aan-1t Rn-1p
cross sections of H are much smaller than those of the Na +R. 1 N

atom with the use of the photon with 50-500 €29].) In n-La-1n
this paper, we show more detailed results. Further we calcu-

late the x-ray laser from the hollow atoms with ne élec-

trons of the C atoms in order to show that the hollow atoms

of the NaH crystal have a clear advantage as mentioned be- Nps1=Rons 1No+t A 1N1—Rii 102Ny 1,
fore. We consider ultrafast atomic processes in the genera-

tion of hollow atoms and associated x-ray emission with the;

use of a high-intensity short-pulse x-ray p)l/Jmping source. W(ZN”“_ Rin+2Nit ArNa T Ros 102N 1= (A1 Aanig
model a system of NaH crystal and that of solid C at a
density of ~10°2 cm ™3 to derive the analytical solution of
the populations and to find the condition for x-ray lasing.

an Rnflynanl_ (Arn+Aan+ Rn,2n)Nn ’

+Rns1n+2)Nns1,

II. ATOMIC PROCESSES Non-1=Rn-1m-1Nn-1+ ANy + Ran 20— 1N2p -2
lllustrated in Fig. 1 are schematic atomic processes along ~(Aran-1+Aazn-1T Ran—1.)Nan-1, 2
with the associated x-ray emission by inner-shell ionized and
hollow atoms. Our method is an extension of the atomidhith R; j=Rf;+ R}, wheren is the number of inner-shell
processes model in Reff24] and[25]. Namely, we may €lectrons. In Na with @ inner-shell electrons ionized)
ignore the other atomic processes, which are treated as slow6 and the subscripts Q,1..,n, n+1,...,2n—1 corre-
ones in these references. We consider these processes thepond to the state of Na atom $2s?2p°®3s), the upper
retically and computationally. The photoionization and states for the inner-shell ionization§?2s°2p°3s), . . ., for
electron-impact-ionization cross sectigod ando®) are de-  the hollow atoms ($22s3s), and the lower states for the
rived from the data or the empirical formula in Ref89, 30 inner-shell ionization (822s?2p°), .. ., for thehollow at-
and[31, 37, respectively. The energy levels, the radiativeoms (1s?2s%2p), respectively. In the C atoms witrsinner-
transition probabilities, and autoionization rates are calcushell electrons ionized, the subscripts 0, 1, 2, 3, 4 with
lated with the use of Cowan’s codi@3,34. =2 also represent the initial atomsPs?2p?), inner-shell
The rates of change of concentrations of the variougxcited states (€2s°2p?), hollow states (2&2p?), and
atomic states as illustrated in Fig. 1 may be governed by ththeir lower states(1s?2s?2p and 1s2s?2p), respectively.
following equations: The R, R®, A,, A, values are the photoionization rate,
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electron-impact ionization rate, radiative transition probabil- TABLE I. lonization energieg,q, (in units of eV) of the 3s and
ity, and autoionization rate, respectively. H&®andR® are  2p electron, and wavelength of the x-ray laser for the multi-inner-

given by shell excited states of the Na atom.
» |gP lon Eon (V) for 2p E,o, (eV) for 3s Wavelength(nm)
RP= [~ idchm), @
Ejion NI 1s22s22p3s 36 5
1s%2s22p°3s 58 14 39
* 1s?2s%2p*3s 95 25 27
S= *ndEg, 4
J SR @ 1s2s22p73s 110 39 20
1522522p?3s 155 54 15
respectively, wher&,, ng, | are the electron-impact energy, 1s22s?2p3s 190 70 12
population of the electrons, and intensity of the soudres- 15225235 90 10

ing) x rays, respectivelyE,, and E,;,, are the ionization
energy for photoionization and electron-impact ionization,
respectively. For the analysis of x-ray laser, the ghinf  with
soft x rays from the lasing process by the transition between
an upper state and a lower state is given by

k
Rj-1,

j:1|11 (Rjj+1+Dj)— (R +1 D))

Ccé=1, cf=

P .
1“=2.7><10’2¢i§fu|, with  P=Ny,— 9Ny, for 1<k

k-1
= 1Qups 5
J=Jiow gup ( ) Ctz_lgo Cr’ (7)

where ¢;, Nyyiow), Gupiow), fur are the Doppler or Voigt
broadening, population, statistical weight of the upper

) D.=A+A,+R ,
(lowen state, and oscillator strength. k™ Pk T Pak T Ttk

where Ngy is the population of atomg0) at t=0. The
. X-RAY MEASUREMENT electron-impact ionization rate depends on time. However,

the process becomes effective after the electron density is

High-intensity short-pulse x-ray sources commence a NeV{,, e Namely, we may treBj as a time-independent
avenue in the x-ray measurement of biology, material matter,

. i . function.
Sggufgt?owsgfy[ﬁé]liow tahtlsmssecrtrl]c;r;, \t’)V: ;gg\évr;[]eadt %Ja;%i With the use of a usual low intensity x-ray source
R <D, ~A T A multi-inner-shell ionization pro-
sources and these hollow atoms have an effect on x-ray meg. <K+ ==k~ lak rid, MU ershet lonization pro

<ksn-—
surement method. We take an example of atomic processg?astzzs(czkﬁkgé L%raélactlériznedlgsseldom oceur because the
of Na for this demonstration.

TheN, to N, values in Eq(2) may be analytically solved e Rek+it~1 and e Px~0 (8
as follows:
(RoytRonsq)t in Eq. (6) for 1/Dy<t<1/Ry «+1. Namely, from Eq(6), the
No=Ngge 701" "on+ 17, N, values may be given by
Ro,1Noo P K RP .
Nj=————— (e~ Ruz"PIl— g (RortRon+ )ty Ne~CENgo with C9~1, ck~J] —==2. (9
Ro1—(R12tDy) 0700 ° ° =1 Dy
The population of multi-inner-shell excited states decreases
as the number of inner-shell electrons becomes smaller.
On the other hand, in the high-intensity x-ray measure-
N,=| Ce~(RorRon+ 1)t ment whereRy, . ;>Dy, Eq.(8) can be rewritten as
k e Reki1'~0 and e Pk~1 (10
+> Cl‘e(R',Hl*D')t)Noo for k#n
=1 for 1/D,>t>1/R} ., . TheN, values are given by
N,~0 for k#n,
11
Ny~ CnNoo™~ Noo-
an Cge*(RO,lJrRO,n-v-l)t
We can find little population of all states except for hollow

atoms, that is, the population concentrates in hollow atoms.
N 6) Table | lists the ionization energies for the Zlectrons
00> and 3 electrons, and the wavelength in the-32p radia-

n-1
+ > CPe™(Ril+1+Dty CNeDnt
I=1
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FIG. 2. The total emission from the multi-inner-shell excited
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tive transitions for %%2s522p®3s,

1s?25°3s states of Na. Since the photoabsorption cross sec-
tions of 2p electrons are much greater than those sfad
3s [29], soft x-ray with broad photon energies may be ab-

1s%25?2p®3s, . . .,
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High-intensity (>1020W/cm2)
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sorbed mainly along the inner-shell ionization processes of FIG. 3. Our proposal for a class of experime(g: x-ray mea-
the 2p electrons. In the high-intensity x-ray measurementsurement andb) x-ray laser.

there are six energy values for the ionization thresholdmf 2

electrons between 30 and 190 eV as is listed in Table linner-shell excited states remains nearly constant over differ-
Furthermore, six values of the wavelength between 10 andnt 1. On the other hand, th&l;,u,n from hollow atoms

39 nm exist. This means that with use of a high intensityincreases very rapidly dsbecomes larger. This agrees with
x-ray source, we may have to consider these wavelengths fdq. (11). At | =10 W/cn? where Eq.(9) is valid, we can

the fluorescent x-ray analysis, that is, the analysis of x-ragee little x-ray emission from hollow atoms, while fbr
radiation from the multi-inner-shell excited states. This~10' (Rf,,;~D,), and I~10"Wicn? (RE,.,>D)),

analysis can be applied to a highmetal component in low-

hollow atom emissions are comparable to and much larger

Z material or molecularity for crystal and biology. For thesethan those of the singly inner-shell excited states, respec-
studies a higher brightness x-ray source is desired for morgvely. This means that in the x-ray-absorption measurement
accurate measurement. Since there is little absorption of sofind fluorescent x-ray analysis, we cannot ignore the multi-

x rays in hollow(no inner-she)l atoms, high-intensity x rays
may be used even for a thick materi@his has been applied

inner-shell excited states foe 102 W/cn?.
As mentioned in Sec. I, a high-intensity femtosecond-

only to thin ones because of a lot of absorption throughpulse x-ray source can be applied to the measurement of
inner-shell excitations or ionizations.
Figure 2 shows the total photon number given by

tmaX
N photor— JO Ni A dt

12

for the wavelength ofN, with the intensity values of
=10, 10", and 16° W/cn? andt =800 fs. N gnoton from

components, states, structures for femtosecond processes in
chemistry and biology. However, even the time resolution of
the newest x-ray detector-(2 ps) is useless for such mea-
surement. We propose a class of pump x ¢aith a high-
intensity femtosecond pulsprobe technology shown in Fig.
3(a). The procedures are as follows) We use weak inten-

sity and long pulse laser in order to arrange the orientation of
the target. (i) The target material is pumped up by a
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femtosecond-pulse lasefiii) After T, fs, we execute the
high-intensity femtosecond-pulse x-ray measurement such as 1000
x-ray diffraction, x-ray absorption, and fluorescent x rays. ;
(iv) Proceduregi)—(iii) are executed for various, values.

As a result, we can understand the mechanism as a function
of Ty.

(a)

[’ ! —-- 10 ®wrem?
100 E - - 1013W/cm
- —-- 10 "wicm

gain (cm ! )

2
2
2
2

IV. X-RAY LASER 0F 3

A. Proposal of a new class of experiment

Here we suggest a class of x-ray laser experiment by 0.01 0.1 1 10
inner-shell ionization and hollow-atom methods. We wish to time(fs)
form a population inversion and to obtain a high gain over a 4

_ ( | _ 10" Ty

relatively long time, that is, to reduce the population of lower E
states and to increase that of upper states. ®)

The first key technology in these x-ray laser schemes is
pumping by intense broadband x rays with energies of just
above the threshold of inner-shell photoionization. At those
energies the photoionization cross section for the inner-shell
electron is much larger than the other electrons so that popu-
lation inversion in the inner-shell radiative transition is pro-
duced. As is seen from Rdf29], low-energy photons con-
tribute only to the ionization processes to lower states.
Therefore, we suggest that only high-energy photons should
be employed by eliminating low-energy photons with the use
of a filter. The photon energy considered here &g time (fs)
=40 eV for Na ande=300 eV for C, respectively. 1000 p——rrrrrm—r—rrrrre

However, in the previous studies, electron-impact ioniza- g Ne=10%(1em *)  (c)
tion, which follows inner-shell photoionization, is considered I
to have a detrimental effect on x-ray lasifgP—26. In the
case ba C laser, electron-impact ionization from a neutral C
atom directly causes an increase in the lower laser level
(1s?2s22p). The electron-impact ionizatioR® is a function
of the electron densityi, and electron-impact ionization rate 0E
coefficient(v.o°®) [see Eq(4)]. n, and{v.c®) are approxi- E o t0® Wom® =
mately proportional ta and inversely proportional to., [ S Neg=10 " (1/em s)g ]

— —10"®w/em 2
............. 10 "®wrem 2
—--10""W/em
— 10 ®wiem 2

gain(cm™)

//////

100 E

gain(cm ™)

’

respectively. Thereford, (ve) should be as shoiffas) as I RO i
possible. To reducg we suggest the use of a high-intensity 0.01 0.1 1 10
short-pulse pumping source because it can make all the ini- time (fs)
tial atoms ionize in a moment. This idea leads to the hollow ) B ) ) )

FIG. 4. Gain (cm?) vs time (fs) for the conventional inner-

atom method discussed in Sec. IV C, shell method;(a) Na and(b) C. Inset shows the x-ray intensity
In the presen f ultraf high-intensity x r ' ' )
the presence of ultrafast high-intensity ays as g alue for each curve(c) Same as Fig. &) for | =10 W/cn?:

pump source, successive inner-shell photoionization of aé . L
: ST . : . ensity values are indicated on each curve.
inner-shell ionized ion takes place until all electrons in the
shell are removed to produce hollow atoms, before those
states are destroyed through various decay processes inclugbon as the pumping x rays interact with Na or C, the lasing
ing electron-impact ionization and autoionization. Surpris-of x rays by inner-shell ionization or hollow-atom methods
ingly, the atomic kinetics could even become simpler if amay be achieved. Another filter may be employed in order to
large fraction of initial atoms are ionized up to a hollow- avoid the interaction of the short pulse laser on atoms be-
atom state. This leads to large gain in the inner-shell radiacause it may destroy the inner-shell excited states and hollow
tive transition. Moreover, as the population of the lower levelatoms by the optical field ionization process.
of x-ray lasers such assi2s?2p could also be removed, that
gain could be sustained much longer in this scheme. Using
these ultrafast atomic processes, we suggest significant im-
provement of gain Of photopump X_ray |asers in Sec. IVC. In the ConVentionaI inner-she” ionization method, the ra-
Figure 3b) shows our proposal of a class of experiments.diative transitions of $22s?2p°3s— 1s°2s°2p°® of Na atom
Via the mechanism of the Larmor radiation resulting fromand 1s2s?2p?— 1s?2s?2p of C atom may be employed for
the irradiation of a high-intensity %10°° W/cn?) short-  x-ray laser emission. The wavelengths considered here are
pulse laser on a plasma, x rays with high intensity and shorabout 40 nm for Na and 4 nm for C, respectively. THge
pulse are emitted5]. With the use of an appropriate filter, values can be expanded in terms of low-order processes be-
only x rays with high-energy photons can be selected. Agause of a short time duratideee Fig. 4 Then the popula-

B. Inner-shell ionization method
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tions of the upperN,) and lower N, ) states can be ob- 10°
tained aq26] 5|
107 - 10 "®wrem?
N1~ R Nooft = (Rg 1+ RT )t%/2}, (13 ~  qo%l=—_10"wrem
A .
% 10°| (a)
Nn+1~ (051 1) R0 INGH/2, 14 5 10°f
1
wheren, can be the population of electrons ejected mainly or
from Na atom through the inner-shell photoionization pro- 10°
cess. Therefore, we can set 0.01 0.1
T Ty
af—--10"wicm? i
ne~2i Ni~ Ny (19 10— 10 wiem?
o o ~ 10°
The population inversiof® in Eg. (5) becomes: e
O
= 2
§ 10
P=R{ Nod t— (Rf 1+ RY 5+ 9(ve0§ 4 1)Noo)t%/2], ,
(16) 10
L '/
where only the fast processes such R§;, R, and 10° bt i e
: ; 0.01 0.1 1 10

9(veogny1) are considered. The maximum value Rfand

its time rate of change are given by time (fs)

FIG. 5. The same as Fig. 4 for the hollow-atom method.

P
P Ro,:Noo
T oRP 4 RP
" 2(Ro 1t Ry 21 9(ve0 1) Noo) C. Hollow-atom method
ab INgo Here the x-ray radiative transition process is the transition

= PP e . (17 of 1s?2s?3s—15%2522p with the wavelength of 10 nm for
{20011 011 +9(veron42)Nooh i} Na or that of 2?2p?— 1s2s?2p with that of 3.5 nm for C.
We find that a large gain can be obtained for the x-ray laser
b b . . from hollow atoms resulting from the ultrafast inner-shell
tmax={Ro,1T R1,0T 9{vedgp+ 1) Noot (18)  jonization processti) a large population of the upper state,
and (ii) a positive value for the inversion populatip>0
From Egs.(17) and (18), we see that in the case &1  in Eq.(5)]. In this proces$R) , ;> D, for I<n—1), only the
~9{ve05n+1), the Pray value is saturated. Then, the satu- photo inner-shell ionization rateXf , ;) needs to be treated.
rated intensity [s,) and the saturated initial densitigos)  The population of lower states can be ignored. The popula-
are obtained as tions of upper statebl,~N, may be obtained by Eq11).
Therefore, a large population of hollow atoms is realized
during 1R[, ;<t~1/(R°®+A,+Ry ;). (This condition

I hv19(veogn+1)Noo Nooo 6.1 can be attained forl=10 W/cn? for Na and |
sat— P, P v Pmaxsal =25~ p o =10'® W/cn? for C, respectively.
+ 2(af + ’
7017 912 (001+ 012 (19 The intensityl = 10'® W/cn? of lasing with C agrees well

with our simulation, which will be discussed later. On the
other hand, in the case of Na, simulation shows that a large
gain x-ray lasing from hollow atoms can take place even
when the pumping x-ray source intensity is dt
9(veotn hy =10" W/cn? [see Fig. %a)]. This arises from the fact that

(20) the lifetime of the upper statedlf) is much longer than that

of the lower states N,,_;). Namely, for the use of

Here P oy sat @Nd P axsany @re theP . values at the satu- the source with I=10" W/cn? and E,=50-500eV,
ration of I and that ofNgyy, respectively. For C aE,  Ap+Ria 1 <R (~10%s ) <R5, 12h( 104 s,
~6006eV,  g(veofaNg~10%s  and o~ 052 thoughR§,,,;~Ry;. The R® values are controlled by the
~10 ¥ cnm?. On the other hand for Na, &,=100eV, photon energy,) distribution of the x-ray source because
9(veos PNoo~10%s and af~ o} ,~10" Y cn?. There-  the electron-impact ionization cross sections are a function
fore, | . are greater than #0W/cn?’ for C and 16* W/cm?  of Eo(=E,— Ejjon) 0nly for E¢>Eqon. Choosing an optimal
for Na, respectively. distribution of the pump x-ray source photon energy, we may

2(ogl +0F ) log,

Noo,sar™ Pm =
, e ' ax, satiN
g<v e¥on+ 1>h V|
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FIG. 6. Population (1/cf vs time(fs); upper states witlta) | =10'® and(b) | =10 W/cn?, and lower states witkc) | =10 and(d)
I =10 W/cn? of the Na atoms; the lines express the number pfe2ectrons.(e) Upper states andf) lower states of C atoms fdr
= 10" W/cn?; the lines express the number of glectrons.

be able to further reduce the necessary intensity of pump x

rays froml =10 W/cn?.

In the case of C, the population of the upper stai)(
and the lower stateN,) for hollow atoms can be expanded

to yield

No~ Ro,1R; Noo(t%/2— Ay3t/6),

N4~ Ro,1Rs 4006 INGH/3

12

(21)

R3,4R0,1<Ue>¢78,3>Néo(Ro,1+ Ry o+ R3at Ryt

(22

1
P=Ns—gNy;~ 1_2R3,4R0,1g<v e08,3>

X Noo(Rg 1+ Ry 2+ Ry 4+ Ry o)t?
2 2
- Ro,1+R12+ R34t Rag

x|t +Rg 1Ry Nogt?/2

— e 2 2
9(vep.2 R 4R0,1NGo Roxt Ruat Roat R4,6t /3.
(23)
Here we consider only thR, ., because oRf,+l>D, for

I<n—1. Further, we find that the lasing condition is deter-
mined by the following relationship:

The second- to fourth-order processes play an important role,

as is illustrated in Fig. 1. Ther® in Eq. (5) is evaluated as

RE,ZCrN § 9(veo.9Noo, (24
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This condition can be cast in the critical x-ray intendity 10* T 7 1.0

above which the lasing does occur: E _

3 (a) - i 5
10° F - 08 z
1 9(ve0g @ Nochv ' i e &
B (25 g 10°F 063
6 o o =)
1,2 c 1 >
g 10 F 104 s

At E,=600eV and Ngo=107cm 3 g(veo§Nog~2 w0k :ig;,g;gfgms 02 %

x10*®s™* and o7 ,~10"* cn?. Therefore, |, is greater / -~ Souros mtansiy

than 2< 10'7 W/cn? for the C system. 10 — ' L 0.0

i . 0 5 10 15 20
The following properties are noted for the hollow-atom .

method(in comparison with the conventional inner-shell ion- time(fs)

ization method (1) A much larger population of the upper 10° : . , 1.0

states can be obtainddee Eq.(11)]. (2) The lower states .

decay much more rapidly because of the ultrafast inner-shell 10* [ 7= hotow atoms. 1082

ionization process: The effect of secondary electron-impact I 2

ionization process may be ignorg®) With the use of high £ 10°F 5 08 2

initial density of atom 10°? cm™2), high-gain x-ray laser £ 2l ® {04 &

emission occurs for a longer time. This arises from properties o : g

(1) and (2). (4) The wavelength becomes shorter than the 10'E i 4022»

inner-shell ionization methodsee Table ). (5) The Na oF ;

atomic process may be present in a molecular NaH crystal. 10, 5 1'0 15 20 0.0

(6) Little x-ray absorption is found because of no inner-shell
electrons(7) A high intensity x-ray source with broad pho-
toenergy is needed.

time(fs)

FIG. 7. Gain (cm?) vs time (fs) for the inner-shell ionization
method and the hollow-atom method. Time dependent function for

D. Simulations the source is shown.

The physical process analytically outlined above is now, 2n 2 .5 7
illuminated with computer simulation. In the simulation all hollow atoms $°25”3s) at| =10 W/cnt and 167 Wient,

the processes in Fig. 1 are considered. Figutasahd 4b) respectively. In Fig. 6 all of the populations decay rapidly
show the gairl" as a function of time for the conventional except for that of hollow atoms because of the ultrafast

inner-shell ionization method in Na and C, respectively. Thd"ner-shell ionization procegsee Eq(11)]. 7Als a result, the
x-ray sources with =10 and 10% W/cn? are required to X" laser with a gain of more than 48m™* continues to
producerl of about 10 crii for Na and C at the density of be sustained during the lifetime of hollow atoms. In contrast
~1022 o3 respectively. However, both duration times of with the conventional self-terminating inner-shell ionization
large gain are shorter than 1 fShis feature may be useful 1asing, our hollow-atom method is attractive for the x-ray
as an ultrashort pulse x-ray lagen order to obtain a longer !aser emission. The population of onvgr states rapidly dimin-
duration time & 10 fs), the density of initial atoms needs to ishes. Figures. (@) %nd af) appear S|_m|lar to Figs.(&) and

be decreased to as little as®i@m 3, as mentioned in Refs, 6(C) for C atl=10"" Wicn, respectively. The same trends

[23-29. Then, as seen in Fig(@, only a (relatively) low  aS those in Figs.®)-6(d) are seen.

gain can be achieved. Our hollow-atom method can achieve F|g_ure 7 showd” W'th the use of a tllme-dependent x-ray
a large gain over a relatively long time. pumping source from inner-shell excited states and hollow

Figures %a) and §b) show the gain for the hollow-atom atoms of C. The time-dependent intensity of the source is

method corresponding to Figs(a# and 4b), respectively. 91Ven by
From Fig. 5, we find that the x-ray laser from hollow atoms _ At 2
is realized forl =10 W/cn? in Na andl= 10" W/cn? in () =loexr ~a(t= tpead]
C. (We should choose the best atoms as a target matter ig;th lo=10" W/Cn?, t,eq=10fs, anda=0.05[Fig. 7(a)],
compliance with the purposeThe gainl is greater than ¢ 1 [Fig. 7(b)]. For the inner-shell ionization method, we
10* cm™*, and moreover, the duration time is much longershould employ a source with weak time dependence. On the
than that in Figs. @) and 4b). The time is determined by qther hand, in the hollow-atom method the time dependence
the Auger rate {-10fs) for C and by the electron-impact of the source matters little. This is due to the difference in
ionization process+ 100 fs) for Na. the decay rates of the lower states. Little decay exists in the

Figures &a) and @b) show the populations of the initial jnner-shell ionization method, while fast decay processes are
atoms, various inner-shell excited states, and hollow atomgresent in the hollow-atom method.

of Na atl =10" W/cn? and 137 W/cn?, respectively. The
populations of hollow atoms are about 4% dt

=10 W/cn? and 60% at 18’ W/cn? of the initial Na at-

oms. Namely, the relationship(1l) is valid for | We have modeled the ultrafast atomic process with the
=10 W/cn?. Figures c) and Gd) show the populations use of a high-intensity short-pulse x-ray pumping source rel-
of the 1s?2s?2p® (the lower state for inner-shell excited evant for x-ray lasing of Na and C. This atomic process leads
1s22s?2p°3s statg, . . ., and £22s22p (the lower state for to the x-ray laser emission from hollow atoms. This method

(26)

V. SUMMARY
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has a clear advantage over the conventional inner-shell iorpointed out that hollow atoms may play an important role in
ization method as follows. The lower state decays mucthigh-brightness x-ray measurement of ultrafast processes in
more rapidly and a much larger population of the upperchemistry, biochemistry, biology, and materials. We also
states can be obtained. A high gain continues to be sustaingdiggest classes of experiments of pump high-intensity
for a Ionger time. The hollow-atom process allows Shorterfemtosecond_pu|se X-ray measurement and X-ray lasers.
wavelengths of the x-ray laser than those in the conventional

inner-shell ionization method: Further, the longer lifetime of

the upper states by electron-impact ionization is sustained. A ACKNOWLEDGMENTS
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