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X-ray emission by ultrafast inner-shell ionization from vapors of Na, Mg, and Al
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The optimization of the physical processes of an inner-shell ionization x-ray laser is carried out theoretically.
Vapors of Na, Mg, and Al are adopted as a target material in order to avoid deleterious fast atomic processes
except for the inner-shell ionization process. The effects of the vapor density and x-ray intensity are studied.
Larmor x rays are suitable as a pump x-ray source because they have high brightness and short pulse. Their
peak intensity and energy spectrum are appropriate for inner-shell ionization. In the Mg vapor the gain of 10
and 16 cm ™! can be obtained with the use of“#0and 16*W/cn? intensity x rays, respectively.
[S1050-294{@9)00104-3

PACS numbg(s): 32.80.Hd, 32.80-t, 42.55.Vc, 52.25.Nr

I. INTRODUCTION atoms has a much slower decay thag-andL-shell hole of
any other atoms(These materials were also selected in our

An x-ray-pumped inner-shell ionization laser has beerprevious papef6] because of large inner-shell ionization
thought to be among the useful methods for x-ray laser emissross sections.In order to avoid secondary electron impact
sion [1-10. Silfvastet al. [7] produced the laser at 441.6 ionization effect, Kapteyh3] and Moonet al.[4] required a
and 325 nm of Cd vapor pumped by a 12-eV soft-x-rayrelatively low density (1&cm™3), which unfortunately
source with an approximated, blackbody distribution.amounts to arelatively) low gain. We show that a suffi-
Kapteyn and co-workerf8,9] made a laser at 108.9 nm by ciently large gain can be obtained if we adopt the Na, Mg,
the inner-shell ionization of Xe atom. However, there hasyng Al vapors with a density of 16~10cm3. (Meyer
been no experimental demonstration of x-ray laser emissiog; 5. [10] have also considered Na vapor as a target mate-

through this process to the best of our knowledge. In order t0ig) ) oyr system of choice is an extension of that in the
realize an inner-shell ionization x-ray laser, a higher bright-

; . ) -experimental demonstration by Silfvast al. [7], who se-
ness x-ray pumping source with higher photon energy Sected no Auger states for the upper states of laser
needed(Meyeret al.[10] seem to have planned to employ a

; . $14d9532 D) and a lower density of #6~10""cm™3.
neonlike germanium soft-x-ray laser as a pump source for a A blackbody x-rav source has often been used as a pumo-
inner-shell ionization x-ray laser in Na vapprhe necessary Y Y pump

brightness and photon energy of x rays are determined b'ng sourcg3,4,7-9,12 In addition, the Larmor x-ray source

target materials. In this paper we search for advantageol$] may be employed. A recent progress of intense pulsed
target materials as well as x-ray sources for the purpose ofS€rs gives us new sources of high-brightness short-pulse x
optimizing the physical processes of an inner-shell ionizatiofaYs: such as the Larmor radiatift8] (due to the accelera-
x-ray laser. tion of electrons in the laser electromagnetic figlds well
The inner-shell ionization x-ray laser method was firstas the high harmonic generatigai4], which is based on
proposed by Duguay and Rentzepis. Kapteyn[3] and laser-driven periodic bremsstrahluriglote that the Larmor
Moon, et al. [4] theoretically showed that the lasing gain of X-ray radiation has been well known, as written in Ré8].
10 cmi! associated with th& « transitions is possible by It has not yet been observed experimentally, however, the
irradiating x rays of 18~ 10W/cn? intensity and 50-fs laser intensity just begins to reach an order of®1@/cn?.)
duration on Ne or C atoms. In our previous papé} we Especially we consider the laser-induced Larmor radiation x
showed that the key to producing an x-ray laser is the choicéays driven by relativistic short laser pulses because their
of target materials; we compared sodium atoms and carboigaturesiwhich follow) are suitable for a pumping source as
atoms. The inner-shell2electron ionization cross sections is demonstrated in Sec. IV B.(i) The radiative spectrum of
of sodium atoms are much greater than those of theléc-  Larmor x rays has a peak at=a3w,, Wherew, anda, are
trons in carbon atoms. Therefore, the use of sodium atomthe laser frequency and normalized laser fieldg (
reduces the necessary intensity of an x-ray source. We alseeEy/mwyc). This is in contrast to the bremsstrahlung
showed|[6] that ultrafast inner-shell ionization processes,whose spectrum is flat. Only when the laser power enters the
much faster than any other atomic processes, lead to a higklativistic regime §,=1), the laser-induced Larmor x rays
conversion efficiency. Here we suggest making use of amegin to appear. (ii) The radiative power of the Larmor x
ultrafast inner-shell ionization process while increasing theay increases linearly, proportional to the laser intensity and
lifetime of inner-shell excited statéapper statesand reduc- to the density of electrons, whereas the bremsstrahlung
ing the secondary electron impact ionization rate. Let ugpower increases in proportion to 1.5 powers of the laser in-
note, as shown in Refl1], that the inner-shell excited state tensity and square of the electron density. The intengity
of a (2p) ! hole in low Z matter such as Na, Mg, and Al W/cn?) of the Larmor x ray in the linear regime j&5,16
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ﬁ:ﬁ_im_sm“ electron-impact ionization cross sections”(and ¢°) are
jonization derived from the data or empirical formulas in RefE7,1§
Ny @) and[19,2Q, respectively. The energy levels, radiative tran-

sition probabilities, and autoionization rates are calculated
with the use of Cowan’s code1,22.

Aat The rates of change of concentrations of the various
atomic states as illustrated in Fig. 1 may be governed by the
following equations:

/ No=—(Ro1+Ro2No,
1 D2
'NQ (38s™h)

N].:RO,J.NO_DlNli (2)

The ground
state of atoms

No=RoNo+D,N,,
FIG. 1. Atomic processes in x-ray emission from the singly

excited states. with Ri,jzRﬁjJrRin. The subscripts 0, 1, 2 correspond to

the initial atom, ubper statdmner-shell excited statgsand
2248 lower states, respegtively. The coefficiddt expresses the
Lwalollag_oz_(lo—ﬂne) decay rate for state, that is, D;=A,+A;+R; 3 and D,
2a5+8 =R, 4. The rateRP, R®, A,, andA, are those of photoion-
ization, electron-impact ionization, radiative transition prob-
1 ability, and autoionization, respectively. H&RE andR® are

X(Rg)? 1 -
(Rs) (1+4mRg/\ a5)(1+27Rs/\ ap) @ given by
where n,, N\, and Ry are the electron densityunits of szfm L'Pd(hv) 3)
cm ), wavelength(units of um) of the laser, and diameter Ejion NV 1

(units of um) of spot size. For example, at the laser power of
30 TW focused on a targefelectron densityn,=3
.><1022.cm‘3) with Rs=5 um (ao=>5, \ =0.88), the x-ray Re— jw 0o dE,, (4)
intensity due to the Larmor radiation is10" W/cn? and

the peak energy is about 100 eV~ (0" W/cn? for the
blackbody x rays with the same peak energy according t

Stefan-Boltzmann's law of radiatignSince the large popu- impact energy, population of the electrons, intensity of the

Iatl_on of the upper stat_eenr!er-sh_ell excited statgss re- source(driving) x rays, and photon energy. The ionization
quired to obtain high gain, high brightness x rays are impor- iesE dE h f hotoionizati d
tant to overcome the loss of population due to the fast Auge(ranergms_ eion and Eyoy are those for photoionization an

; ; electron-impact ionization, respectively. For the analysis of
process. (iii) The duration of x rays is controlled by that of

laser. The x-ray power bursts in a very sharp and short pulsthe x-ray laser, the gaiii of soft x rays from the lasing
(comparable to the laser pulse lerigtn the other hand, in Srocess by the transition between an upper state and a lower

the blackbody x rays, the duration time becomes muchState is given by

longer because it is decided by atomic processes. Irradiating
such x rays on certain atoms with appropriate conditions
should lead to ultrafast inner-shell excitation.

Eeion

?espectively, whereE,, ng, |, and hy, are the electron-

P
r=2.7x 10’2¢i5fu|,

with
Il. ATOMIC PROCESSES

. lllustrated in Fig. 1 are schematic at'omic processes along P=Nup—9Now: 9=Giow/Yup. (5)
with the associated x-ray emission by inner-shell ionized at-
oms. The upper(lower) states of laser correspond to ) o
2p53s(2p%), 2p®3s3(2p®3s), and D°3s23p(2p®3s3p): whgreNup(bW), Gupow)» andf, are the populatlon, statistical
and the wavelengths are 40, 25, and 17 nm for Na, Mg, Ayve!ght of t_he_uppeflower) state, and oscillator strength, and
atoms, respectively. Since the calculated gain length prod®i IS the lifetime of the upper state.
ucts agree well with those measured in their experiments for
Cd vapor in Ref.[7], we adopt a similar gtomlc process Il X-RAY LASER CONDITIONS
model. Namely, we consider only fast atomic processes, that
is, photoionization, autoionization, electron-impact ioniza- The populationdNy—N, in Eg. (2) may be analytically
tion, and radiative transition. The photoionization andsolved as followg6]:
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- RoiNoo _
No=Noge™ xR0, Ny =gt 0" (Pt —e” (R 1+ Ry,
Ny=(v 0'92>R01N20[ ( ! e (D1+Ropt_ 1 e~ 2Rt
o 0 Ro1=D1\1D2—D1—Rp1 D2—2Rp1
1
+ e P2, 6
(D,—2R,)(D,~ D3~ Ry ©
|
where Ng is the density of the vapor and, can be the D,
population of electrons ejected mainly from the target NOO,sat:m- (14
through the inner-shell photoionization process. Therefore, evo,
we can set
With the use of previous values f@;, g, ve, andog;,
Ne~ > Ni~Nj. (7)  Noosar 108cm™3. Further, thel’ of ~10 cmi " may be ob-
i tained in the case ofry,=10"8cn?, hy=100eV, and
=10"2w/cm?.

The N; values can be expanded in terms of low-order
processes because of the short duration time. Then the popu-

lations of the upperN;) and lower (\,) states can be ob- IV. THE TARGET AND DRIVER
tained aq5]
We explore target materials and x-ray pumping sources in
N1~ RgNgo{t— (Rg 1+ D1)t/2}, (8)  order to find an optimized class of inner-shell ionization
x-ray laser. We show that the Na, Mg, and Al vapor target
N2~<veagvz)Ro,1N(2)Ot2/2. (99  and Larmor x rays are suitable for this laser.

Here in the Na, Mg, and Al vapoB), is so small that it is
ignored. The population inversioR in Eq. (5) becomes as A. Target material

follows: The Auger rates for thé-shell inner-shell excited states

of vapor of Mg and Al (10'?s™ %) are much smaller than
those ofK-shell inner-shell excited states-(0**s™1) [11].

(In the Na, Auger decay does not ocguks seen from Eq.
(5), the longer lifetime of the inner-shell excited states is
related to higher gain. Further, the lower density is expected
to produce a longer duration tinj8,4,6).

P=RoNod t— (Ro.1+ D1+ g(verg )Noot?/2], (10)

where only fast processes suchR{S;, R 3, andg(v .o,
are considered. The maximum val®g,,, of population in-
version and duration timet,) of x-ray laser are given by

RN Figure 2 shows the gain as a function of time for Na, Mg,
Poro= 0L %0 _ , (1)  and Al vapor at 1&-cm 2 density. We consider the x-ray
2(Ro,1t D1+ 9(ver2/Noo) intensity of 132W/cm? with 0—500-eV photoenergy. A 10
cm ! gain at 100 fs is expected for these vapors. In our
tou=2{Ro 11 D1+ 9(v 0 »Nogt . (12)  previous papef6] the x-ray intensities of 8W/cn? and

_ S . 103 Wi/cn? are required for the creation of hollow atoms and
We find that the duration time in a vapor target is muchfor the inner-shell ionization x-ray laser method of NaH

longer than that in a solid target. For examplg~100fs,  sgjid, respectively. The inner-shell ionization method of NaH
0.1 fs for vapor (1&cm?) aned SO“d_%ézC”ﬁ) for the typi-  solid is precarious, as the duration time is shorter than 1 fs.
cal values ob =10 cm/s, 0G ,~ 10 °cn® andg=10. The  On the other hand, the current inner-shell ionization x-ray

maximum gainl’ma in Eg. (5) can be rewritten by laser method with these vapors is far more realistic because
of the long duration time and high gain.
T 27 lo,gi Ro,1Noo ; Figure 3 shows the x-ray intensity dependence for gain on
max = D1 29(Rg 1+ D1+ g(veog )Ngo) a Mg vapor target with -cm 3 density. For |
<10"W/cn?, the gain increases, as the x-ray intensity be-
,1 comes larger. The gain duration tinte 100 fg is about the
~2.7X10 2 .
D, same over a wide range of the pump power. On the other

hand, for higher intensities=10'® W/cn?, a different be-
(13) havior is found. The maximum gain remains about the same
for different| and the duration time decreases according to
I =1, This is in agreement with Eqél1), (12), and(13). For
We see that in the case &f;~g(veoyNoo, the [macis  alow x-ray intensity D;<g(veo 2)Noo), Pmaxandtg, may
saturated. Then the initial densitiN§, <) is obtained as be rewritten as

|081N00 ¢
X - .
29('0’51+ D1+g<ve()'8’2>N00hv|) ul
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FIG. 2. Gain(1/cm) vs time(fs) for inner-shell ionization x-ray
laser of Na, Mg, and Al vapor with &.cm™2 density. The pump-
ing x-ray source has the intensity of#@Vv/cn? and constant pho-
toenergy distribution.

Roa

Pro=——"%—
max g<Ue0'8,2>

o1,NQ,, (15)

and

taur= 2{9(v e ) Nogt 1%, Nog-. (16)

Namely, P nax (tqu) is (inversely proportional tol (Ngg) and
remains constant for variougy(1). On the other hand, for
D1>0(veog »Noo, We have

RO,lNOO

Pmac= 55 <1 %Noo (17)
M 2(RgstDy)
and
_ —1.,1-1pO
taur=2{Ro1+ D1}~ Ngg. (18
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FIG. 3. Gain(1/cm) vs time(fs) for inner-shell ionization x-ray
laser of Mg vapor with 18-cm~2 density and various intensity of
X-ray source.
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FIG. 4. Gain(1/cm) vs time(fs) for inner-shell ionization x-ray
laser of Mg vapor with = 10"*W/cn? and various vapor density.

In this case,P . (tqu) increasegdecreasgsaccording to
Noo(I 1) and is the same value for differehtNyg). As the
autoionization and radiative transition are independent of the
intensity of x rays, only the multi-inner-shell ionization
dominates in high brightness x raj8].

Figure 4 shows the gail’ as a function of time at
=10"W/cn? for various densities of Mg vapor. At low den-
sity, the gain increases in proportion to the density and the
duration time remains constait-1 p9 for various Nyp.
Equations(17) and(18) indicate these scalings. In this case,
the gain and duration time are determined by the x-ray in-
tensity and the lifetime of upper states, respectively. While
for high density No=10cm3), the duration time de-
creases as the density becomes greater RBpg remains
constant for varioudNgy, as shown in Eqs(15) and (16).

The short duration time results from the secondary electron
impact ionization, which destroys the inversion population as
shown in Refs[2-4, §].

B. X-ray source

In Ref.[6] Larmor x rays are employed as a pump x-ray
source for producing the inner-shell excited states of atoms.
Larmor x rays can have high brightness and short pulse as
mentioned before. As the large population of the upper states
(inner-shell excited statgss required in order to obtain high
gain, high brightness x rays are useful to overcome the loss
of population due to fast autoionization and electron-impact
ionization. By the short pulse, the intensity of x rays can be
weakened after a large population of inner-shell excited
states is obtained. The high-intensity x rays play a role of
disturbance for atomic structure. Since the Larmor X rays
have an energy peak, we can achieve high conversion effi-
ciency from incoherent x rays to fluorescent x rays by setting
the peak energy just above the inner-shell ionization thresh-
old energy where the ionization cross sections are the largest.

Figure 5 shows the same as Fig. 2 for a Larmor x-ray
pump source aE,=100eV (@,~5). The gain is about
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FIG. 5. Gain(1/cm) vs time(fs) for inner-shell ionization x-ray 1 o . 1(')0 260 3(;00-0 -
laser of Na, Mg, and Al vapor with 8-cm™2 density pumped by
Larmor x-ray source withE,,=100 eV. time (fs)
three times as large as that in Fig. 2, though the duration time 1000 10 5
is the same. In bremsstrahlung x rays, since the flat photoen- F 0.8 3
ergy distribution is in the range of 0—1000 keVagt=>5, the § 100 ¢ 06 =
gain is much smaller than that in Fig. 2. = i 04 Os
Figure 6 shows the gain vs time for various x-ray intensity s 0F — 0z g
| given by Eq.(1). We treat the electron density, as a @ N . — Frayintensity | 00 3,
constant and we employ the scaling equation: 0 100 200 300
1 =1(100 ew(10 2Ep) %>, (19 time (fs)

because oprkocag and |oca(2) where the x-ray spectrum FIG. 7. Gain(1/cm) vs time(fs) for inner-shell ionization x-ray
peaks atEp, and the yielded x-ray intensity isand o9 ey laser of Mg vapor of 1&-cm™3 density and time-dependent Larmor
=10"W/cn?. The gain decreases &, (or a,) increases. X-ray source withg, =100 eV.

The duration time does not vary much except for the case of

Ex~80eV. ForE,~80eV, the energy spectrum of free  Figure 7 shows the gail’ with the use of a time-
electrons is mostly lower than the threshold energy and thdependent x-ray pump source for Mg vapor. The time-
secondary electron-impact ionization becomes slower. Weéependent intensity of the source may be given by

should adjust, in such a way to maké&, just above the

inner-shell ionization threshold energySO eV). Then we I(t)=|0exr{—a(t—tpk)2] (20)
can achieve higher conversion efficiency for x-ray laser.
However, we have a large enough gain even Bk

=200eV. ~ Laser
1000 Ty 30 TW, 2,=0.88 um, t,,;=100 fs
E Mg vapor with 10 "°cm™ density ] )
[ 4 ~ 1020
- Larmor x-ray ] [~ 10=7 W/em
L - v (@~5)
[— EpeacBO eV S
N = Epq= 1006V -
£ - —E_, =150 eV .
peak L — 21 -3
2 100 Y Epen=200eV 2 8 |ne=3x10%lcem
= F 3 E ne:electron density
3 - l
o -
Larmor x-ray
i Ix~ 1013 W/em?2
‘ Epk~ 100 eV, =100 fs
10 2 A Ll L Ay, tour : pulse time
1 10 100
time (fs)

gain~300 cm-1

FIG. 6. Gain(1/cm) vs time(fs) for inner-shell ionization x-ray tur~200 fs

laser of Mg vapor with 18-cm™2 density and Larmor x-ray source
with variousEy values. FIG. 8. An example of detailed requirements for the experiment.
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with 1=10"*W/cn?, Ngo=10"cm™3, t, =50 or 100 fs. rated and unsaturated regimes of the density and intensity. In
The gain in Fig. ) is about half as large as that in Figs. the unsaturated regime, the gain increases in proportion to
7(a) and 7c). However, the time dependence of the sourcethe density and intensity. After the saturation occurs, the gain
does not change the result by much. remains constant for various densities and x-ray intensities.
Figure 8 shows an example of detailed requirements foOn the other hand, the duration decreases, as the densities
an experiment. As soon as the high-intensity 18/cn?, and intensities increase. Since the Larmor x rays have high
ap~5) short-pulsg100 f9 laser irradiates the plasma with brightness and short pulse, it is suitable for the inner-shell
ne=3X10%'cm 3, Ry=5um, and R, =90um, the high ionization. The high brightness is important for an ultrafast
brightness (18Wi/cn?) short-pulse(100 f§ Larmor x rays inner-shell ionization. The short pulse plays an important
with E,,=100eV are emitted. By using the Larmor x rays role in keeping the atomic structure intact. A Larmor x-ray
for an x-ray pump source and Mg vapor with'$@m 2  spectrum has an energy peak as a function of the laser inten-
density for a target, the inner-shell ionization x-ray laser withsity of Epkocag. The high conversion efficiency may be

largeT" (~300 cni't) may be realized. achieved by setting the peak energy just above the inner-
shell ionization threshold energy where the ionization cross
V. SUMMARY sections are the largest.

We have optimized an inner-shell ionization x-ray laser
with the use of a high-intensity short-pulse Larmor x-ray
pump source and the adoption of vapor of Na, Mg, and Alas We wish to thank Dr. Y. Ueshima, Dr. H. lhara, Dr. S.
a target material. Such vapor makes the inner-shell ionizatiofsoto, Dr. K. Kawanishi, Dr. K. Nagashima, Dr. Y. Kato, Dr.
process dominant. A high gain x-ray lasifig10 cmi }) may  H. Takuma, Dr. T. Arisawa, and Dr. K. Shinohara, for their
be obtained with an x-ray source of #@v/cn?. We have useful discussions. R. D. Cowan’s code is employed for the
also studied the gain as a function of the vapor density andtomic structures. T.T. is supported in part by the NSF and
x-ray intensity. The different trends are expected for the satud.S. DOE.
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