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Ultrafast Atomic Process in X-ray Emission by Using Inner-shell
Ionization Method for Sodium and Carbon Atoms

Kengo MORIBAYASHI, Akira SASAKI and Toshiki TAJIMA

Advanced Photon Research Center
Kansai Research Establishment
Japan Atomic Energy Research Institute

Mii-minami-cho, Neyagawa-shi, Osaka-fu

(Received June 9, 1998)

An ultrafast inner-shell ionization process with X-ray emission stimulated by high-intensity short-
pulse X-ray is studied. Carbon and sodium atoms are treated as target matter. It is shown that
atomic processes of the target determine the necessary X-ray intensity for X-ray laser emission as
well as the features of X-ray laser such as wavelength and duration time. The intensity also depends
on the density of initial atoms. Furthermore, we show that as the intensity of X-ray source becomes
high, the multi-inner-shell ionization predominates, leading to the formation of hollow atoms. As the
density of hollow atoms is increased by the pumping X-ray power, the emission of X-rays is not only of
significance for high brightness X-ray measurement but also is good for X-ray lasing. New classes of

experiments of pump X-ray probe and X-ray laser are suggested.

Keywords: Ultrafast Atomic Process, X-ray Laser, Femuto-second Science, X-ray Measurement,
High-brightness Short -pulse X-ray, Hollow Atoms, Carbon Atom, Sodium Atom,

Photo-inner-shell-ionization
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Figure captions

Fig. 1 (a) Atomic processes in X-ray emission by (a)inner-shell
ionization of carbon atoms, (b) hollow atoms of carbon atoms,
and (c)hollow atoms of sodium atoms.

Fig.2 Total X-ray emission from multi-inner-shell excited states of
sodium atoms.

Fig.3 A class of experimental of (a)X-ray measurement and (b)X-ray
laser.

Fig.4 (a) Gain vs. time in X-ray by inner-shell ionization of solid density
of carbon atoms; electron impact ionization processes are
ignored. The intensities of X-ray are distinguished by types of
lines.(b) The same as Fig.4(a) for the case where the electron
impact ionization processes are considered. (c) The same as
Fig.4(b) but for various density values of initial atom and X-ray
intensity 1=1017W/cm?2. (d) The same as Fig.4(b) but for sodium

atoms. (e) The same as Fig.4(d) but for sodium vapor.

Fig.5 Population vs. time (1/cm) for atomic state of carbon atom,inner-
shell excited states, lower states, and autoionization states. The

X-ray intensity values are (a)|=1017W/cm2, and (b) 1018wW/cm?.

Fig.6 (a) The same as Fig.4(a) but for hollow atoms method. (b) The
same as Fig.6(a) but for sodium atoms.

Fig.7 (a)Population for upper states of hollow atoms of sodium atoms

as a function of time. The X-ray intensity I=1019W/cm2. The
figure expresses the number of 2p electrons.(b)The same as
Fig.7(a) but for 1=1017W/cm2, (c) The same as Fig.7(a) but for
lower states.(d) The same as Fig.7(b) but for lower states. (e)
The same as Fig.7(a) but for carbon atoms and =1 018w/cm?.
The figures express the number of 1s electrons. (f) The same as
Fig.7(e) but for lower states.

Fig.8 Gain vs. time for time-dependent intensity of X-ray.
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List of Tables

Table 1(a) lonization energies Ejop (in the unit of eV) of 2p and 1s

electron, and wavelength of the X-ray laser for the multi-
inner-shell excited states of carbon atoms.

Table 1(b) lonization energies Ejop (in the unit of eV) of 3s and 2p

electron, and wavelength of the X-ray laser for the multi-
inner-shell excited states of sodium atoms.
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3x102cm™3, Zp=100um ENT A —F—HEHRDD &L, T—ETEHFICELD X BEE 1015W/cm?,
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EEHET S, E;. Egon Ejpld. #NEN. AT RNF—, PHFEFREBOERTI2EFOMEDC XN F—,
AFDEMTIETOLENHEDO I RN F—2EZL., nii3 i REBCEETIBEINIETOEKESE
T, BTEREMEERI. Lotz DAXK [31]
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7*(B) = 3 aigs L (1 — by expl-ci( /P~ 1))} ()
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EAVS, ZZT PR iBEOBIHDEBTFORMIFINF—2EL. o b oidE [31) FOERDE
EAVS, R BEORCHIRMOBTEEERT., JORXTIE. BEMIINL TLORRAIZA WL
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N1 = Ry1No — (Ar1 + Aa1) M,
N3 = RogNo + Ar1 Ny, (5)

Lhd, 2T, REOEF 0. 1. 3B ThTN, KRFET. ARERRE. ARBEREOL —Y -5
RICBI B THROLAI (15225%2p). EEY. Ri; = R; + RY; THO. RP. RIZ. ZThEN,

o0 P ’
Ipgpo
= [ dh) (©
Erion Tre
oo
Re=f veaenepEdEe: (7)
Eeion

EEBINAEHL - BTEHREML - ThD. JITHR. ROFEFEFREEEHE2DERDE
DICTHOLRNDOEEE 2 TIEAEL, 31Uk, EJIBTFEREIXNF —. Erion& Euon 3t ER. B
SN BFEEEHOLDOBHM I INF—THD, A, AfE3. EHHEBER, 814 LR THB,
Nepgs Ippld. B TRINF Y DOBTFEE. KU, XREELET, TOLE, £BTFEHEn.. £X
A 11

o0 o0
n, = f nepp(E)dE, I= f Ips(E)dE; (8)
q 4}

&5,
Fig.1(b) CREBFEFTOREFEFNLD X ML —TF—RBEORFEENREINTND, EDLED
L—hrABERIUTOL SRS,

Ny = —(Ro1 + Do) Ng,
N1 = Ro1No — (Riz + D1) Ny,
Nz = RiaNy — D3Ny,
N3 = RoaNg + A Ny - (R3a + D3) N3,
Ny= R3a N3 + Ara Ny — (Ras + D) Ny + R1aNy, (9)

REOHES 0. 1. 31 3ThTh. 5)R. BLY Figl(a) DBELFALCTHYD. REDOEH 2. 4. 5. 61
=nENn, FEFET (25%20%) . RERFOTROL L (152522p). 2522p, 1525 RAEEH T, Fig.1(b) »
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EbMBEINETF 1A E2ERIEI2EOBENEETIN, TS5, ZORTTIE, FLEES
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Do = R{J,a, Dl = Arl + Aal + R1,4s
Dy=A 0+ Aga + R2,61 D3 = R3,5;
Dy=Ars+Aga + R4,71 (10)

LB, FRUTLRTFORAER. BEFEER Figl(c) D&SKAD, ToL—FHERR

Ng = —(Ro,1 + Do) No,
Ny = RoaNog — (Ry,2 + D1) Ny,
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Npjy = Ront1No+ Ari N1 — Rng1n42Nnt1,
Npjpo = RypnioN1 + AroNo + Rug1n42N04+1 — Rogon+alNnte,

Naon = Ra-1,20 N1 + ArnNp + Rano1,20Non—1 — Ran 2041 Non (11)

L%, TOBE, n BIERTREBTO 2p OBFEERT. THFUTVLRTFOBSHE n =6TH5,
RKEeof=2o0,1, .- I M3, FNFN. FRUTLETF (1s22522p°3s). NRRBHERER
(1s%2s22p%3s). ------ - HERT (1522523s). AREBERBOTFAO L ~JL (15225%2p°), - .-+ . PERTF
DOFRDL IV (1s22522p) 2 ET, TDELE, DL

Do = Ro,n+1, Dl = Arl + Rl,n+2;

...........................

Dn = Arn+ Rn,2n+1:
Dﬂ+1 o ot eerenaae s Dzn feoed 0 (12)
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TTTHIE R v T I— £, Voigt D LMD LNV DI RN F—DEHRD 2HT, Figs.l DEFIN TR
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SER, BLXU RETREEET,
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........................................................................
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Ni = (CEem(RoatDo)t L. N " Che=(RunitDO N for & # n
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n-1 ' 7 B
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I=1
k
Co=1, Cf = Fi-1 cl for 1<k
iorsy (Bist + Dj) = (Rur + Dy)

k-1
k k
Ck = - ZCI ;
=0

(15)
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RS DREDBRONEDDOT, R TRAEL, BAT. RE, EAWE. ZOLE, N ER

Ny~0 for k#n 7
Nn ~ C,’:Ngo ~ N[]o. (19)

LY., FEFRTFORRE 2~ a 2O &R S,

F PUTLRET (44 2) O 15225?2p%3s, 1522522p°3s, -+, 1522523 KRBT T2 2p BT & s BFIZ
NTLEREL RN —E, BLK, 35 — 2p DEFE%E Table 1(b) ITRL 2. 2p BFOARRBEMI 25 &
3s BFOXHRSERE OIEEITKZENOT 29, LBEOHRIIINF—EFOHR X B4 2p BFOAR
BEGRRICHE > THEHITKINEND, Table 1(b) NS5DND LI IT 30eV~190eV ORI 6 & DIEHIN LT X
IE—ENHD, B X BOEEIIHL T 10nm~ 39nm OFEEORIZ 6 BOEENELET S, 2O EM
5, REEXREEATIL. TNOTRTOXRRNIINF RN X REZRL RTINS <k
LT ENDNS, OB BEZMEFOBZYPERICESR. EETONFiEE2 XRAIETS L EIT
WRATES, INSOMETIIHEERVWRIEETS-012, BEEXBRENMERINS., FEFRTE. &
X BOBMANIEAERNWOT, BHEE X BRERVERE X BUENEWVHRICHERTEND LN
(COFBIHRAER. AREGDE. BEEAEZEL TARRNINEZDOT, BMEOHITEAL TW3),

Fig.2 13 I=10'°, 10'3, 10"W/cm?0@E%2 D X fFE2EA L 2BE 0L X RSB EH TNV,
SHRHERR. NiOBEHEIIHLT

imar
PN = / NiA, rdt (20)
0
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LEHIND, TTTR. tna=800fs &Lk, NBFHERENSD PN HENED >TH, FEF—ER0
IZxL T, RZERERFNSO PNEIX IOESEA S ERAMITAE< D, (17) RBRILTS I = 101°W/cm?
DHRETIIRERFNSO X BREXBEFIZE LA EBV, —F, T~ 108W/em? (RE,, ~ Di) DB
B2, FERERTHS50 X SRR ERIARBGEREN SOBRHBERBEET. [ ~ 101°W/em? (R ,,,
> D) OBAITIAEREEL OEEICKEL RS, ZOZ LR, XBRNAEPHE X BT EITI &
&, I>103W/m?OREEERTHIIZENRGERERIERTELR RSB I L 2EKT 5.,

—HITRNEESIC. BEET oL MBE/VVZ X BIRIMEE. EEORBFTO 7 b MPOBRIC
MUTHES. RE BEOREICEAINS, LMrLEMNS, BED X BRHBORREIREES 2ps LD
BRUOTIOXIIBERICERATSILIIB LW, 22T, REEY L MV XREFEBLER
CTXRTO—THEEE Fig.3(a) KRERT S, TOFERROEBOTHS, (1) BHAK/NVAL —H—
ERVWTENOEREZEAS, (i) ENNEET 2L bV ADL—Y—2AWT, ROTRIEI S,
(i)To7 =& %, BEET A PO X RERNT, XBRAZETS. (iv) FME (1)-(1) 2015
WA ToDEIZNL TERATHZEICED. Th0ol#é LTREBEE2BRT S, ZIZT ROTHL—
Y- L BEE XBRERDEDOL—HF—ICH L TRV —Y—2HWS, ZNIZKDI TR ETHEE
EHEL T,0lEEI POV TEIENTES, ZORUEEEANDET LMD TRIBZREHORKR
4y, M, REZHBZENTES,
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4 X&BL—H—

4.1 REFRORER

ZITIE. ARER. TERTFXRL Y -HROERRERRTD, BELRI LR KESHEBRT
528, B, HABREBEEFREMERL, XBL—T—2RRLETIILTHD. Thbb, T
LRIV DORE 2= a2 &L, EIOLX)VORE 2L —3 a > 2ERTLICTEZETHS,

INSDOXBL—T—REOBFHIOREIEZDIE. AREBTFONXBEHOLZNELIDILAREVWIRIV
F—E2BDOEHNXBERAVWTRIEXYTEHILETHD, COIRIVF—TIE. AREFOLERENE
RITNLOARICHLBTFONEMBTERL OERITKEN, TOHER, ARNOEFHEBRICHL TR
EOHMNHERINS, X [29] TRONB LSBT RNF—HI XL —F—RREOTHL VDK
BEOKIIFET S, ThOXIZ, BIRNF—HOINR L SR/ELTERTER IS I Y—%H
WTE LRI F—RA 2R,

LARTOBFFN 5 AR EBEERE TECSA TAETFOETHRER IR ERHEICL DS X RV —F—RICRE
RREENHDEEIONTNS [22, 23, 24, 25, 26), COZKREFHEOFENKEL D LETFHRIZ
KHMHET (RREFOHET 1225220 RB) OBRANARBFEMBEDL — MIFEETARELI LS, £
DEHICBFEREEABIIL -V —RROTL NI (1522522p) OFRE 2L —3 3> 2HPTHE, T
rbht, RESEZE L, FIBAREERSTEHENHS, ThOXIZ, ZOBBOEESZL—FERST
LENHZ, BTHREML — - FIETEEn. CBTFHREREL — Ml veo® > OROBTEZS
N3, nJIRHEEMICESIL. < veo® SIIBTFOFEE v IKRIEHIL TS, ThOXIZ, BHEMt 2T
ELMOESL. v, ZHSTEIRETHS, BERMZHO TEDIIEEER/ VA XBEEZRE2 Y
WHEINETHD, THTHE. —BILT, INTORFRAKRESRZE- L. BETHREEERITRED
53<2%, TOTATTRAIHTRATZIFEBFEFEAVE XRL —HF—BEALBUMFWTYL,

BHREE X SRR & L THEDND &, NREE A A > OERNSNELERIL. WROTNTOETF
NEEL, PEEFIFRTIETEES, RREZ LI, THFETF ORI ERFREBIC RN,
TRTORE ab—2 a U RBAZFRFIIEF L, EFERBORBENVIL DBRIIEXD Z EAFHEIZRS,
IS, ZNRRERFBREEEOHT. ZOSX. XBRLV—P—DTFHLNORE 2L — 3> 2B
DR TEDBTES, TVXIZ. ZOFETIE. BAEREIREL LREWERERL, XKL —Y—
ERRIVEDIENTRLEFETH S, 438 T BRFFETREOEAICEZAR XKL —V—0D
FEREICBRBOHLKREIRET S,

Fig.3(b) II3. X R —V—ORBREZRFTD, T, BHAE/IAL—Y—L&F57vLniE
EERIKL>TAELSS—E7EFBEZEL THEEE VLA XRVEHEIND, K. £BO7 4
F—foTHIXINF—HOLERRTS, COXRETMNITLPKRBERFLOMEERIZEY. A
BRERE., PEETFRENERL. XRLV—P-RREEL TRET S, E/UVAL—Y—LEFED
HEERAZROREDIMOT 4V F—%ED, COMEMEMICK LB ERE (optical field ionization)
BENMEID, IREERE, FEFEFIRET SREENSH S,

4.2 HHRBEE

ZZTRR, EBXASNTEEARERMICELS X R~V —ZOFAZKERET. FRUTALEFIZ
HLTHD, ZOHERD4IHTRIDRIDTF— THARHE X RBHICLIBEERFBES &
DBHTHOT, JHD (18) RTHRN X SITABREML — M Ry 41 TR, RE Ly ORBAZAND,
REFF. T MU OLEFICHL THENBERREIL. TINTh., 152522p° — 15%2522p, 1522522p%35 —
1s22522p5 TH O, X BL —H—DEEIL 4nm. 40nm TH 5, BROFREMMVE s LT OFEEITE W
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T NAEREROBETRETE 5, Z0&E, (14) REEABNTND HIOLANORE 2L —3 3
2 (M) BF—5—BETBERORIS,

Ny ~ R Nooft — (RE, + RY )2 /2}, (21)

— . L—Y—BBEOTFHLALORE 2L —3 3> (Na) (COETIR (9) RICHE >TFRL AL E Na&
T5) 3. KEE BIF. SRETHREBHEOTES CEEENDS, TOLE Ny ik

N3 ~< 1,083 > RE N&t?/2, (22)

EERBATES, (21,22) ROMBIIATE 2 TITD. TOR. (13) ROREBEIHARE 2b—2 a3 RO ED
EIT S,

P = RE Noo(t ~ (RE; + RE; +9 < ve0§ 3 > Noo)t?/2), (23)

TTTR. Ry, Rp, 9 < ve0§3 >ONNRERHBR L LB TE 2FBROBZMOE o7,

— AN X ROME, BLY, THIRFEENKE<ZZIEE PE. Tabb. F'1 U ERZKEL
5, EZAM, XROWE. BLUY, HEFEEOENSSMELIVKRESRS L PHRBEMNT 52D
XROWBE. BLY, FHRTFEECEAFRTICERE,. —EOfEERT. Thbb. GAEZBISILA
VREBTHIELEERTS, TR, TOMANBIZ XROBE, BLU, THRTFEEERD
%, POBKME. BLK Z0&ZORMEI

RE 1 Noo
Q(Ré),l + R{,’z +9 < 0053 > Noo)
_ a{)”lNooI
" {20, + oF )1 + 9 < veo§ 5 > Noohvr}’

Praz =

(24)

tmaz = {R(I),J + R{,,z +g< ‘030'8)3 > NOO}_I- (25)
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(24, 25) AM5 RE) ~ g < v.053 > DRHT Pro EIZEEMT B, AL EE, X ROBE (La) &F)
R FEEE (Noosat) 1R

hvrg < VeOG 3 > Noo
sat = P
2(ap,1 + 0{2)

NuoO'&l
P Py
2("'0,1 + ‘71,2)

) Pmar,sat,[ =

(26)

2(0({1+ofz)1 Io‘é?l

max,sat, N =

NOO,.mt = (27)

g < ve0§3 > hvp’ g < ve0fy > hyy

EB, TIZTy PrarsatdE Prassatny & THNEN, [E NooDBARETD Pro BEET. LD
EERBERF. TRUTLARFINLTBBE HIERREHS > TH 5, FIAE. KETIR E, ~ 600eV T
g < 083> Nop ~ 101 /s £TBE. of) ~ o, ~107%em?TH B, —H. F MU T LTI E;=100eV
Tg<weof;>Nop~10M/s T B L, a({l ~ 0'{)’2 ~10"em? &/23, FTRWRIZ. L I3REBERFIZ
ML T10W/em?, F MY DLRFICHLT10M4W/em? &2 5, ERICIIBFEHEEMHL — MNIRRHE, &
FEE XBOBEREEEDBIILEDOIOTREDVIR., CThESBEMIICIRTER N,

4.3 HERFE

ZZTR, 42HOABEBREERBEL. FAEKIORILTERRTZFERTASD XBL —H—DFH
BZETS, REFEF. FRUITLEFICHL TENBERBEIX. 2NTN, 25220 — 152522p. 15%25%3s
— 15225220 TH Y. X ROBEEIZIEN. 3.5nm & 10nm TH B, #MFITRNEX S KEEHERABZER
BEEHWNE, FERFAARICERL, TOFRERTFNSFHREREO X KL —F 2RV
RETH, Zhid. (i) EZVARVORE 2L —2 a>BREL, () FE b - a> OREX HMNIEMR
(1B)XTP>0)THENSTHA, COBHEPRERBE (R, > D, ZIT. I<n-1) BT
3 ERRERGERE (R, ) OHBROBAEEL V. 517, ANREREELS ORTERBEXICENE
BELTROBRASOTT A MPAOEKELTIRELASEISEVWEEZ SN, THLXIORE 2
L—3 a2 ERTEERLERTES, (19) A0S LIV ORE ab—3 a2 Ny ~ N, OB
RAVRULT B, TNPAIC, PERTFORE 2b— 3 B 1/RM, «t ~ 1/ (Riyy+ A+ Ry_,) ©
B, RERBEEZFHLEHET 2, (CORFRRFFFIIHLTI > 101W/em?, F M OLRFIHL TR
I>108W/cm?®TRILT 3, )

RRETORE. 1> 108W/cm?OfEid. OBIRBNSZT I 2~ a @& —&KT3. =K. FhUD
LREFOHER, I 2l —3 a> TR I=1015W/em? THZER FEIIHIRT 5 (Fig.6(a)). 2O EE. £
LN (N,) OFRBTALL R (Ngn—1) DFREDEEITENWEDIEE S, ThbE, I=101W/cm?.
Ep=50~500eV O X MEDEAL L&, R 1 ~ R THBICOHPDST. Arn+RE,, < RE 5, (~
1013/s) € RE | 5, (~ 101/s) THH 2. RERXMEOATXNF—SHTIL bO—LTED, &
S0iR. BFHREHSEHIL E, > Eion IH L TOH E(=E, — Ejjon) DBKTHZ, R2TH XK
RO NF—2HBE T [=10%W/cm? KOBVWHRETHERF XKL —T-LRHRTHHID
Lz,

REREF TR, FERTIHLUTEMLVNIORE 2b—2 3> (Ny) EFHLNIVORE 2L —2 3
> (Ny) 3FheEh,
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Na ~ Rg1 R12Noo(t2/2 — Aast®/6), (28)

Ny~ Ro1 R34 < ve0§ 3 > Njpt®/3

1
— 15 RaaRo1 <0G s > Noo(Ro,1 + Rz + Raa + Ryg)t". (29)

EERBMTES, PERT (XRL—Y—RRO LML) ZERT ZERII 2 BORNREHNLERZOT 2
ROBEN, TOREFRFIHENDIONE. SROGENEERBZE2T 5, —FH., NREEEOTMEL IV
(N3) DERIIEIL, ZRETFEHREMISEIADT. ZROBETHRED., PRETFEOTRL <IN
FIZZD N3OV OWNBRERENELZOTZROBETEES, TORBERREROBRETHRES,
ENWAIZ, PERTETRIZADNSERETORENEETH S &AM, TOZLER (2K, B
L (29) RERDZ XAV, ZoLE, (13) R

1
P=N;—gNy~ ER3,4R0,1Q < 0,043 > Njy(Ro1 + Ri2 + Raa + Ryg)t?
2
(t

2 2
- Ry o Ngot“/2
Fort Riat T +R4,5) + Ro1 Ry 2 Noot®/

1
—g < ’050'8,3 > R3,4RQ,1N30RD g Rl " +R34 T R46t2/3.

(30)

ER3B, ZIT I<n—1RHLT R, > DITHABDT, R DBEERT S, 51, TRTD
EZHLTET P> 0 LUBRFERZROBEBRCL o TRES NS,

1
Ri?cr ~ 59 < .05 3 > Noo, (31)
F=13,
19 < veo§ s > Noghv
Iy ~ gg o2 ™ (32)
01,2

Z T, RO,I ~ R1,2 ~ R3,4 ~ R4,6 &ML 7, Ep=6006V T N00=1022/cm30)<‘:%, g < 1)50'8’3 >
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Nog ~2x 108%/s TH D, of; ~ 107 %em?TH B, TNOZIT, [ IIRBRTFOHE. 2x101"W/em? &
DRERMEITRS, ’

FEFFRICIRERONRERE S B L T, UTOX 328855, (1) BV AP KERRY o
L= arafBonas & (19) RBH), (2) THLAINVORE 2L —3 a> BNEBRENREMAERICED
FETHESEEL. ZREFHFRVBATEIICNBROERASZZ L, Q) BEEORFEHED LHFEBHE
RENHBHEERTS, it (1) &) OHBEM»SEZ S, 1) IEROAREHMEDLZ LD X
L=~ XBBEERIEZ L, B) P FENaHBROFTHF NI LEREFELTRDEKRA
T, TRUTLORFBENEALS L, (6) NRBTFAFELZVWOT, XBRIMZELALRI SN
& (NEEEOTRIF—2RFOEEE X BNLEZ I &,

44 vIab-—vav

SFETEIHEREERITAICERL TEL, CITIR, A2Ba—¥—v I al—TaraEfFh, 4%
TOPMEBHAA—CEEORETRZEEDBIIREBELLIDDMNODTSHEHBEL., TORITRET HHEFR
FENX R - —-ORREE L THHICHEEL., ERONBEREZLOHENTNEILERT. 4%
TORFE NI, BNEBREZEETIRE, W<OMOEREANVEN, 0TI al—¥ 3> TIEFigld
TRTOBEEERL TFT o7z, Figsd(a) & (b) IBEEFEFORRO AR BEE TORERE 2FMOE
BELTHWEbOTH S, Figd(a) TRORBTEHRELZEHL THY. Figdb) ZoRBFEHREZERL
T3, ZOZDOREORICERICHENROSNS Z &0 5 DREFEHRERIIARERE TIZERIC
RERBRMNHDZENDMofz, T, ST TOWFE (22, 23, 24, 25, 26] DERE—KT 5. TOYR
EERTHE XMV —T—-ORRIEMII BB, BEOKFTHE. BEOERICHEB TERNWI &
MbMb. (Fig4(b) TL0¥W/ecm D& EDH, FRERMNSEEBELPLEE >TVEN, ZhizDn
TIDOBIZ Fig5 ZAWTHATS) XA (24, 25) TRENAZLICTHARTFEEEZRMS TE L —F—RiR
OFHRFEMIZE < 25 (Figd(c) 2R). LLAEMNS 100°W/cm?0OEEZESITI3HEERT 10 RELET,
INHEEOERATREETH S, TH5I. 101°W/em?(1 KETOREEE) 121k, FBHREKIZNE<
20, FHETHBI NN, Figd(d) 3T MUY ARFOREGEE TONRERETOFSREERE
Wize ZOREBFHERBIZERIZEN. TRUTALARFOBE. BKIEFE (1019/cm®) LEWEEIZLT
LRBEFETFOBELIZRLD., BVWEED XRTHHT, HEREVLE (~100fs). X R —F —NHERT
% (Fig4(e) BR). REFTFONBRBERENEE1 4 (LRETHY. L NVOFGIENDIIHNL
T TRUDZLRTFOREE. BHMI A ARETREVWED, BuHEHRE/FD, 20D (13) A1 sh
NBEITFRUTLEFOHREIE. BNEED X BRTHEWAHEBRENE NS,

Fig.5 3. REFETFONREBREDOBSORT. AMBERE, AREBHEOTAL L (15%2522p),
BB 4 S EREBORE 21— a> 20k bDTH S, Figs.5(a). (b) X, THFN, 10"W/em?,
108W/em? OHEEZ DD X BRBEFEALEBORE 21— 3> TH B, 100"W/em?D & 13, HE
W o< 0 EFIMREFRABHRRBICED, 512, PULEBENEDE, TRLVANVORY 2L —3 aht
KELZD, ¥ fs TARBERBORE 21— a 280wk, F0LDIZ. BIREMIIERICE L
5, X BOBEMN10BW/em?IZ N E, BEAE s THHRETOEEAEN, RNBEMEEZL. &
BeERBICR > TNWE Z etbing, INER &I TEFRENREEER, 4005, ZOBE. T
LARWDORE 2b—3 a3, 10V"W/em? QBB LB ERE SRV, T, TRV
REFORBTHEEMBENSEU DN, —BT. MHETHARERZECL. HEFNEEALE
FELRWEDTHD, LD, Figd(b) ILFREINB LI 10BW/cm?0BEDEE, ZTOMDBE &
HARTHREFINELS 25,

Figs.6(a) & (b) RREFEF LT M ILARTFORBEOFERTFEOFIEBREE#E W, TOHEEAN
T XRL—PF-NRFTDEEE. TEN, 10¥W/em?, 10%W/em? OBREZHED X RENLET
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H5, TOEZOFBHERIZ10%/cm <SVH Y., FRICHNBRESHFTE S, FREMDNRERME
DBELHRDE, FRICELSE>THY. REEF. FRUILET. ThENOHAIIHL T 106, ¥
100fs DFEFRFEIMAR BNz, COREREIZEAL XNVOFMIL >TRESTBY, REROHEIIE
B4 b FRUTLAOBREREBRREL S ICHE A A ALRETIRNWOT, BTHEEHERET
ZED,

Figs.7(a) & (b) 13+ MU T LARFOHEORTFEE. NRRERE. SENRRHERE. F2RFORE 2
L—332% I =10"W/cm? & 101W/em?® X BEREICH L TRV DD TH 2, I= 1015W/em? D& &E
FPEFEFORE 2l — a BOHFRTFEED 4% BELM2WOIZH LT, 10W/em?D EZ i3, 60%<
SWVWHREFEFIIR S, Thbb, (19) ANRAETEDIX 1 >100"W/em?OBETH S, [ =105W/cm?T
HEFEFENHRT DAL 4.3 B TRz, Figs.7(c) & (d) & 1522522p% (NRRRERED FTHLL L) -,
1s?2s2p(FEFFHEOTHLNIV) ORE 2L —2 3 L E2HWELDTH S, NREMIED L X (FigsB
B)RFHELRINVORE al—2 a>@BBELEN>EDOIIHML T, ZOBARERITEBELTNSZ
EMHNS, Zhid, FIIRBRRZL DR TV RUBRAREFEFE > TS DR I 2B EEN R ERE
BRIZKZ2HDTH D, Figs.7(a)-(d) KV BRBIRIREIFRREFLETTHY, ZORBREFOHFMN
RRBFTH 5. Fig.7(e) IRE/FOBEORTEE. ARMERE. PERFORE 2L —Y 3z
Fig.7(f) id 1s%2s22p (NRAEEDO THML NI | 1s2s22p(FERFEDOTFHL NI ORE 2L —2 3>
EHNWEDOTH S, CORLGDBTFTMNITLARFERUCERNRSNS, Thbb, BERNICPERTO
BHEDZE, FHRLNIORE 2L — aV BEFIESBRET I ZEMNWAR D, £E, PEEFOHH
BFRUTLDBEEHEETS EERCESR->TNS, ZOHEIE. REEFOBRS. FEEFNEHA
A MERETH U, FNELRDZOIIHL T, FMUTLEFOHER. fhiR0 LS ICBER D FHERET
EWERERDOEDTH S,

Fig 8 IRRBRFOHEI X ROBENRMIKE TS XBRFEEERA L2 HELAHEERTH
%, X MBEOREKEEIIROXNTEAS5N%,

I(t) = Ipexp(—a(t — tpear)?) (33)

Ii=103W/cm?, tpeqr=10fs & L. a DX Figs.7(a). (b) XL T, a=0.05 0.1 ZHEL . T/
5. Fig.7(a) BP >< D & XBSEHA0, 7(b) TR, §<KRABLENS XRETHSD, ZDORZE LK
T3E, AREHEOBENL. FIBHRENERICENTIORMNL THFERTFETIE. BFLASFIGREN
EhoRNIENDNS, Tiabb, NREMEDL, EECHEALBHNE XBVBETHEOITHLT,
PERTHETIIRMKEE 25X VERTILERZVAB LAY, ‘
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5 &8

ZOHBYTIE. REFEFEF M TLARTFUREEEENNNVA X BEEZENL TESNBHER AR
WHBLTERLE, ZOBBICLDBEAREMEEZL. PERFEERTEIEEI I al—-2 3>
L. ZOREFEFMSHEEENS X BN X R —V—RREITHMNWEET D Z &b o/, ZOFHZ%E
BTFEICRHERONBEBEORESERBLEBAOSHOBERNH LI M0 ok, £ FHLUVOR
Pal—3 asMERCEIBETHIE, BEU VAN THAIHEFETFICEEICKRELRY 21—
arMEBonadz e, FORDIC. BAEBFEEVHEYN, ERRAGEIZIZETHS. IHIT. XBRL—
H—DEENELZ >TSS, TR TLARFERERFLZUBTIELEBERXROHEEZT T NI L
OJ/EDHEMNERIT/NEILTTE, H1Z. FRUTLRKEANWS &, BLHEED XBREFNTHL4EF
BRENBSNDS, LALANS, XRL—V—OERIIRBERFOLMEN. 20K, ThE0FHE
EESELEFFEBIERICEETHAIENFERTEE, TODX. COFHEEE NIV X BEMEE.
i, £k HELBEDO XBREACHRIIERATHI L RLE. BEEX KRB E XBRL —Y—0
EBRAOREBIT ol

ST

COMBRET DB >T. WANSHELTWAR VN LAl FRESHL HRSEt. =
ML, HREML, MEETRE (RMAORETIET). IEREEE (KRARL —F—t> F—).
REL N (BIEEAY). SHRSELICRHOAELET,
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Table 1(a) Ionization energies Eron (in the unit of eV) of the 2p and 1s electron, and wavelength of

the X-ray laser for the multi-inner-shell excited states of Carbon atom.

Ion Eron(eV) for 1s  Eron(eV) for 2p  wavelength(nm)
15225%2p? 300 10

152522p? 350 25 4 10t
2522p? 50 35 2% 1014

Table 1(b) Ionization energies Er,n (in the unit of eV) of the 3s and 2p electron, and wavelength of
the X-ray laser for the multi-inner-shell excited states of Na atom.

Ton Eron(eV) for 2p  Eron(eV) for 3s  wavelength(nm)
15225%2p%3s 36 5

1522522p%3s 58 14 39
1522522p*3s 95 25 27
1522522p%3s 110 39 20
15225%2p23s 155 54 15
1522522p3s 190 70 12
15225235 90 10
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Fig. 1 (a) Atomic processes in X-ray emission by
inner-shell ionization of carbon atoms
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Fig.1(b)Atomic processes in X-ray emission from hollow atoms
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Fig.4(a) Gain vs. time in X-ray by inner-shell ionization
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Fig.4(b) The same as Fig.4(a) but for the case where
the electron impact ionization processes are
considered.
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