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U o MBREICE CHEAIL, IRBIEIEREE 2 HIE L 72 mEy A A2 OIRT RV X —JF A5 7 SO EEE D
IEaGHm LT %, Fio, BHEA A OB EICHIBRBFFEMNT 2N E W) R BRI LT, KARAK
NIAAFT LRI TAR—AF v S HITIXEROERED 7 A F 7 A G T 25 KD = F )L ¥ —
RO R ZG5 Z LN ARETH 5 LI s N5,

ZHUTIA T, HLWERF D MBS EZET 57201, L—Y—%flAaabii kv —24
DOREEFERRL, A ESIC L 2@ EA 4 kT 2R FEREOFTRIC LI LA TV, MBimsEst
e X MEEICE D FTOT R8I 2 EA 40 OB BES O ICHE R fER O
HAFT I ADEREDI L TND,



1. BEEBHERAA A VEE) VIICLDRFHFER (EX, 15, AR, Menk, 3)
1A BIERRHERA A VER) VT ORR

1 RICE BLOTF—7 W iER FOEBMEEDEE

IR FHER A 4 &Y > 7 (Rlken Cryogenic Electrostatic Ring: RICE)DBIR 2 5| & i & 1772,
AAEE TR R TR TRIRRL B — 22 b b~ — U U FRRER O BIRAFSE ) 1BV T,
MAKIE D F B — A DAEKZHH ) THEE TH Y | HELSEZ AV TRIEKED ) V7RI A E—L %
JARIERE L. EFD A A 2 OIRBEHEEN 2 0 CHill L7z BT, S5 A A2« fIVEE RIS 2 PRR
THZEEHNE L TND, 7o, EEAERZHHTHZ & TEEE GRERNICH LT 5720, {Eko
R I REHOA A EREATREE 72 D,

BAEM D% - SUEZ B TRk 25 4E 81213, RICE-Ring D% HI M ONEL 223 BR 21T 9 BRPEICRIE LT,
WL ZE4# (inner vacuum chamber (IVC) ) DIREEIX, WEIBHAE) 5 160 RifE#£1Z 4. 7K IR LT,
IVC RO ELZZ 1L, IVC ITHE S h T 2 =B 22 CTHIE SN2 B 2 E A 6, 107 Pa BT
LEFHME SNz, ZOXIICHYHE LW BKIE & B BEEE A ER Lz ERmTE D,

T RTOBRMEZEIT K 26 FWTEICK T LLECR A AU ENLEY &7~ 15keV Ne® 1 4%
AWTA A ERERABRZBB LT, W ONDBEELBEMA -, FAaL 26 47 A, &ZI2# 10nA O
FREE DA F L HEREITE) LTe, BT A & OFPEA LI &L, SEFEA A 2 2B L £ O F 4 & 7F
THICHRETH D, EBE, 10°Pa OEZEEITHIYS T 5 20K OIREELMATIE, = O FIEHERE LR )
D0 ROFEMETHNT 5 ENMTE 7, L LS KLU FORE T, BZEENRET X520
EZ2EBEED KIS S D, ZORE, bITCHHEAERDZBINT 52 ENEHEL 0D, A4 &
REHTBIIC R S o 7o 2 & IERm CTE 228, R RO 720121, BIHFIED & 572 2 BHFES L E
ThdrEEZD,
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105 T T !

= background

count rate (cps)

time (s)

Accelerated ions

(<20 keV)
: ECR ion source

Wi

3 A 4> A% F L O RICE-Ring D44k

124 F VAV RT LORS

RICE-Ring® =X v a =7 M7=HiZ2 10 GHz ECR A # i (Nanogun, Pantechnik Co.)% %/ L 7=,
ECR A A 65 & HENT- 15keV Ne' A A 0E, Rakia CEE®EY L-t%, EITEME 2V v
F OFAE DRI L s ORFRIED /LA —L L Lz, Z0%., Zhiz #oEER 4 ffi 3
LR K BERATT 7 —, 6,7 rF ¥ 7 L— NMCP) & 8 CTHERK S 415 B —
LT T 7 ANE=H = H o TR SILD B — AT A %18l S RICE-Ring ~#iiik L7z,
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AN FAFTVEATA Y
RmEMWﬂgﬂﬁé%@E%ﬁ&®@ﬂéﬂk4ﬁyéiﬁiéﬁﬁéﬁiﬁﬁbkD@WLT%
oo ZHUL, TV 7 b AT L—A FUJR(ESI), 4EMERE Y V¥ —, KERFA A FT7 v 7 BX
OIEIEE N L » TSRk S v, N T b EaNT=mEIA 4 ZRICE-RIngIZEATH Z L2 HAgE LT
Do KEVSFAF UNIESIA A U PRIC Ko TR S L, MR Y EZ ) —%2 @325 Z & Crlifsns,
S HIZ8FEMA A HA RIZL > THESINT=OL, 4EMEE T A V2 —CTHEBIITSND, £ Dk,
A FUIECMIBHEIZEDAK 2BE AT — U~y RIZIY I 6T RiBA 4> R 7 v A8 ASND, EfE
SNTeA A F W HIERRICPH E N BRI ENTZIREE T CHe Ny 7 7 —H A L ORI L > T
HEns, BURTIE, AKFIAF LT —IEA 4 2 MB*(H0), (n<90) 3 L UOVkF1a vkt v LAIEA
A 42 Csl*(Hy0), (NS 70) & W) 2D Iy A AL Zkf G L L, WHEEEST S Z LIk L T b,

. 4K octupole ion trap .
, s R _
B3 =

ﬁ : ﬂ - Octupole ion guides | | | Octupole ion guides - n 5 n
Quadrupole mass filter B i 20keV acceleration tube

Electrospray ion source

X4 4K A F F7/7:J¢3J:U %/I’ZL/J\%?‘/XTJA

ROBEPEL, WHA A ZglcHL, 7OV AEBEELMA D Z &2 X > T 20keV O fgfEE) = R /v
FoIZETIEL, VI ~EATDHIETHD, THUL, A AV N F R NEEEE B L 725
?b\i%hiﬂ@fﬁﬂaﬂj“%% BEICEASELZETERIND, 8EMA AL T v T NDbOER

A A FIEHLOEDIC, BREBMLIEEREMNT v 7ORG I a2 b—2a 21T o7, $10ps
0)%'4’2‘//\/?75:1/?%) EMFRETH Y, ThaeSHITET D Z LS TWD, WRA AV
N7y 78 LONELE E ITBEMNAFEP TH Y | 5l EHEEIMEMRRMTOND TETH D,

14 e E—LSA Y

RICE-Ring DFFE A G LT FEREIB OHFIZ, FHLWHROA A2 - RVEEZRER S H, Z O
KRV F—A F D RIED XA T 72%F“2‘ﬂ‘é ExRHME L, BRI =0
JERAME TS, FEERIZ, Vo 7RISR SN A A E— L e — A RIME R S5 2
ETIT I,

HPEE— AT T DAy X — A F R TELNT- AL A E— 0% L—Y —F i 5 =
ETELND, EA LT SNICS Il (National Electrostatics Co.)A A4 > JRiL. 80% =T v ¥ AT 6-8n
mmrad(MeV)"2 L \v9 2 A R—2 = 2 2T, 100 A & D KRIREE DR & RO R A 4 2EY T
ZLENARETH D, BUROFIEH L L XROR KRG & LEEIZ 30KV THDH, A A RIEEEER
bz, A1 ¥ —nm v VRERR AT 30KV OEELE 7 —UHCBES N, bzt 7 A
N—%#E U TPCIZ L2 ERBRIECERLRIND,

FT AAFT LV E—LTA L DIEDDT AN —AT A U EFHR LT, 2L, ZEm £ (50V-6A,
500mT), XY AU v b, 4 & 3 #HEM, [A#Y 1 ¥ — b — L% =% —(National Electrostatics Co.,
BPM80), b —2al /¥ — BIORT7 7 77—y LRI ND,

AT DR —/L B — AL 250mm D1 AR, 60 EOREAE 2O L 9 IZ&FF S v, Am/m > 100 O'&

BOfREE LD, TARE—ATANCEIT D 10keV C A A E—L2DA F RN LE—LT A VK
S £ COME A T CICHEGE L TV AR, BIE T A — % — Db NBEEITH TH D,

AA A E— LD BEEICEE LT, #E 808 nm CW 4 A 4 — KL —F—%5F L, ik 26 K

SERLT2, O L —W—3iH KT 5kW OFffE L —H— 21 4 — K7 L-TH X1, fast/slow #i
FHNZZENZEI 0.5/10 EOAEIEN Y b2, HEETLHEI, BHKEWSToA 7 T HIET
LTW%, L= —HIZAR a— FENTH T ABNORIFHOEZETF = L R—~EAZ N, A4
ZEBBEL D P T 5, HEF = N —OKE BT L TRV F 26 FENIZTER TETH D,
WOEBMEIL, AMBF v ET 4 — 2T = U N—HNICREL CL— P —i8EOENRE LR IEDHZ &
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Thd, FYET A DEDOONFIHEPPENER Y 7 F Y =7 2 W TETH TH 5,

1.51.6 KEMERBEE k> RILES ST)) HHES

FREEM A A Y 7B T D EEIA A ORISCRREE, E AR P YRR A2 S E EARS O R E
ICRRE SNT-REEIC > TEHT 2 Z LIk > TGN D, AR 113 10 keV F2E DR A
FBIFFEHETHY  HEE L TMCP VWS TWD. MCP ([ZiX I ME RIS N LD
DO, AFRIA- DR F—IFRPE L NN E N RN D D128, B 7Rl ki % & ARk ik
KA OFEZFRIET S 2 EANETH D, £ 2T 10 keV BE DT R/ X —FHE TR RLEF—4y
FEREMN G LN D MHEROE A% HEE L C, RICE-Ring FEBRELH OBRE b o 3 VA (ST HZE OB
AR LT,

STJ eI, BUREREEBIREE T, D 1/10 FEEE OIRFE(~0.3K) TEIE S ® 5 Z L B EHTH Y . *He
VIGAFAL y CRMETH T, FHxlZSTIHZFLELR L, K He DR 71T X0 ERTHE
RIBET Y, 0.3K TEIMES B 720 & AR O o 3 L X — S REE A 2 - B s 2R O B% 2 B L 1=,

AFFETIZ ECR A A 53 & & 7= 15g keV Ne® (=1, 2, 3)1 4> %, 100 um x 100 ym
KESD STIRHEHCAS L IKIE *He DR L B U 712 L - TR ST 1.6 K OIS T CllE 4
1TV, DIRAEDBFE/RT A —F —(RFMEZTINL Z LI X 0 Bl EES b2 R LT, D fREEIC % 5.
Z DK & LT, ST RFITHINT 534 7 ZEFHS ST FFIZxF LEEIZE X DMHDORE SR E0
D, TORER., 15keV Ne'lZxf LT AE/E=15-20%F2E D3 fRAEZ 1525 Z S ATAEh Li=2s, BESEN
REZETHDHTZD, LVLZELZIERGZ2ETHLERS D,

1.6 BREBAN)DLEBZRAWN 04 KDFAA U FA T RDFEER

AU NERTIRIEANY D LDOE R FAZ—=ThHY, ZDIREIL 04 K Thd, ZDOMKFENIZHT T Z itk
T5HZ LT, HTOER - BT R —% 0.4 K £ CHBMICHET S 2 ENTRETH S, £7-, He T
HERL S D~ 7 MR IBIRENRIEIZ & 2 72, HliHE 5 1 O [ IEE) O PN = 1L ¥ — R AR 2k LT
BN OB Z T, ZHECTRICHHRT - o FREICEA S TEo 2o~ U LK E ., fHx sy
TAF ISR L, A A EHHIRT 52 & TAY U LK B & OWHEEE DHIEFTEEIC 225 Z L IZEH L,
RICE-Ring ~DE A2 L 2 BRI & A T 7 A0BHZFHE L7z, X5 IZFERA X —LOBEZR~7, Rk
26 FFHEIT, I A A ORISR T T E RIS E T LT,

INU S LEERA A DSMEER IEWEY 1 F 30 280
2 VR %3 -
REAT i4) A RiEIc & SIREH
*‘}:&r L |
HLE i WPa) o
B2 101 ~ ol Ik
A ZNe
[ \
o @ — — |
e ® o ° == 'nm|=0= 0l
Y ﬁml‘_“;‘_‘%
v |/
(1) ERDERE \
(2) PR TFOWIE (5) BERHRLER
(3) L—Y—e& B 1 s -
St 7 Ak JUTNORA

B5 ~U T LK 2 WK A A 2 A F X7 ARBEDTZ D DFEERA F— A

AU T AEFE—2E, @E >1MPa) KR (20K) /7 A b EZEHRAOANY 7 A7 AEHIZ
IAEREND, BAR~5 70y AADLEERIZER IV~ U LT AL, WEWEIC LS
BERTICHEWVEE L, IREESZLVECOERIEIKR ZAX =L, TDO%T TAZ—0LD~NY T
LEFOKABEFH LT, FERETH D 04 KICRET D, ~U UARKE— LML, Z0%BOA F
VDT DI AT —TH Y HHEN S,

Rk 26 4RI ORE - BEERIT o7, S AADSIIKREDOH ANEH EN 5720, EmHER
BOYR Y AT LEMADTF ¥ o N—ZBUE LT, H A& 0.01 Pasm®s (2%t LT %, HEAERIC LI
102 Pa U FOENEFER T2 Z ENARETH D, £/ AAOHENTIL, BRREEGHEM ICmIT T,

B FEAF



GM HUPA[E S B A B 2 AV 5, o~ U w7 AR O L iR B X OV A Ao OREICIE, B— L4
TUICEST AT E Bt VWb TETH 5,

IHT, ~NY U AR A A EEET 570D O FEORTF 21T o7, 1) WiE~TES i
PE LA A Al P IR L D BEZITAY U AR S D, BRI O T NI
L0 RN RELTE DRENH D, 04K T THHA SN FOA Ak, 7/ L —
P2 LWL A A A AMEE WD, ~ Y 7 A IIREE SN 2 08 S BRI B L2 LT
BT, KAHERRO A A AGBREP RSN D, 2) W~DA > OEBHHE  +0 7 g g
Dy FA F U B TEIUL, A AT L THEZRIC L AR~ OIS FTRE Th 5, BRI A %
TAA Y T FICEBINTA A EOEZRIEY, WET D 0.4 KWmEA A 24T 5,

L51%1T 1)DOFEEZHOA o AiEEERT 5720 OEERE 21TV, £SOt %
it d 5, FDOHBDNA A AT ERBE R AT 2L —F—3BEICEE KA Th D,

2EREBEGHBUEAAF UER) VIICKIRFAFER (R)
21 BEERIEKFRABI AT O DFSR - HHAE

EFZERNZ B W T S DA DA 4 v OB BEEERFRCH MU R 2 Bk T 572Dz, 2
NET, BERIRFE S T AZ— A T URORACKFEA 42 R F RIS E LI FER A A4 EE Y
YUHRICHEIRORE T CTERML, EFMRAHC L2 FMmENE L TE e, ZOBEMIT. FIZCs. Ca&
DIZCH A A v Rkt B et L TEREIT-> CE T, ZTOME, ZROINIAN A A DI VB LR
WISHEBRFE O MG NIHMEICHRE TE 2 L 0127z, KOG AL AT —RICERFE, &R 72
DHLEVHNT XL X —2FT 5 EIREREICH D, HFAAMF T, EFEMNEZEZ D KO 25
TARNX—ZFFO L EAMBET 5, 2 OWFRIFER G ARG FE 2% THET L, Wl — D
B U CHENEESND Z & 5TV 5 (thermionic emission), 372 h, EWOHHIT R /LEF—
AEOIZEH L, BWVNEE LSBT 5, X o TA A v OB BERTR DB 45 iR 258) 2 B4 5
ZET, A =X VX —DIFHRE[TL Z LN TH D,

Bt Db K& 73 T, WG #IE L (inverse internal conversion: IC) % #% Tt Z % FiE #0612
K DR e HIRFE CTH 5, — RIS, A AR L — W — MG Lo TEL =B bkl ik g
1L, iEBiis#A(internal conversion: IC)IZ X U 1K DIRENGHEIREIC & D EM ~EBATT D, 01
AF L OmEANZ, ZOREENFIER IS RO K 5, Lol LA Ao 2B HEPIZRND
REfIRFF T 0UE, IC D TH D NIC N Z Y | BFRIEEMICS o> BT Z i, T2 bbb
BHIGICE > THHA SN, RIEICoxrF—2Kk5, ZOBRITHGRIIMT-HE LRI FRIS T
WeDIZH B 6T, FEER Lo REE) S HARICITB S T2 eh ol

FEMA T ) RN T v TOBBRIZEID , ZOWBEPBIHIFIEEL 720 | YRk 26 FFIZFkx D 7L
=T TTUAR VA URFOTNVN—TPIIFFEIEIZ, Co BLOT Vv TR VEASF 23R E LT
COWBEBN Ll E2®E Lz, ZHICHIEHEA R TV« ULV~ UHIZEFTO 7V —7"% Cq
ERIGE BB A HRE LT D, WL, FHREORIEZE LT, ML H2mEITIIfHF T
RN FOD S EIERE 2 L LT,

Fox T, WEAIZOPO L—H-2EHALTCAHLTH ZOMELEM LI, ZORER., 44
 OPENR A LI AR O Z2 b 28I L. a0t 235 m e 5l & 3 2 LTk
L7ce ms LLEDBNWST A F I 7 ZTBW TR, 1ERFERTFIEO KM GEENFE5y CTlelpo T EHE R
RN A DA A EFEY V7 THEARECTH D Z L 2FEH L, 207 7 —F 35| & & BB
WTBIR SN RICE-RING IZBW T ZZETETEHEL 2D LHIfF SN,

3 AR ERWEHLVERFAFAMEZOME (Zhang, AR, X)

31 AR rA=ZHLEAF 2 Ps) DRSS fREE

R hr=U LA F U (PS)E, 2 00FF & 1 HOBEE ORI NAFMERETHY 7 —a )
THEODWZH - E HEMR SIKROUESTH D, TDXA T I 7 A ML TN 72 R - EFn
BEOOWS B DR TH D, falr, FRERRFORIE 513 Na 2 W S 72 W R IAREHBE
FEANFTHZ EICLDFENR PSA A OAEBEERH LT, ZHUCED, PsOgtEW S H LW
FEIE A 0 BT,

FBx T EEGHR L —F—2 AT Z L2k » TBRIEE 28I 5 = & 200 - T, KEK (K%
BAHRICBIT D REIE 7 NV—FOERICEIM L, Ps (n=2) LEVWEILFEICBITS Ps® 16+ 1L —H%—
I HE Y AT, EBRIEL, XL AIE 10ns, £ 0 IK L 50Hz O~V ARG G E - B — L 2 R LT,
Ps" O/ F I Na #5870 W RAEGEFE— L2 HiAteZ ETAEKR L, ZbIX, £0Di%,
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FREEMICIE XL, B 7 U — O T e — 7 L EART S ELE CEfZE X W72, JERIZ ULV ANE bns,
OB LA0HZ D7~V v Efiol-aBZ L —F—THV ., Q A1 vF Nd:YAG laser D 3 @iz &
STAHRYTENTWD, 226 nm 2°5 231 nm OEAVEI O 7 10— 7361 BBO flidh 2 AV 7= B 25
\Z ko> THARR LTZ, REEL 2% D Ps 1% MCP THill &, ZDINE D RKFEME A2 RIE L=,
ZOFEFR. PsD 1Y YBEIES 7 n 7 7 A L2 ARBTG5 2 L I2akEh LTz, Ps JRFINEIL Ps
(n=2) LEWME (5.43eV)nbHarh B Y B —27 2T+ 5, Z g "Po tREED AR L8 O BLEH F 15 ik o
ERW—EE AT,

32 MRITHMBEAEFONBZEZAVNBAEFIERTONA 4 V1LiBEE

ST T 2 A FIRE AR T 5 BRY T, AATRERIEDEE 10 et (e-TOF) & HV T,
1.9x10"® W/em? |2\ 7= % @8 EE 0.8um O L — W —BHICHIT 5. Xe, Kr B L Ar OB+
KN X =AY MV ELETGE LTc, & 2 CTIRESEA A ALFE DS O A Rt O prE 2 i &2 R i- 4
LEZ NS, FEBIL, Tisapphire L —%—3 25 AL AIE 25fs, # 0K L 1kHz, FHRIE)D 548
i% L7= 800nm DA #FIH L, Ak L —F — b — A% =300mm O L > XA THEE LIz, HEEH R TEE
BF = N—ICBERY 2y PELTEAL, L—P— UL R L ERZSET, TOMBEAREOELN
7 MVEBICHH SN A HEFE2EL 7 UV —OFMFETFTTMCPIZL - T L7e, Bz, 1—3%—
VAT LD AT = a7l Lo TG EN D L—H— UL R LEFRIERL L ORI A, T U
VAT m R A=A ko THEERE LT, EROM R, 9.6x10™ Wiem? 2 2 5 Tld, @ rrs
— R TR ROME & 1 O FERIFR AR RIS DS BRI B S Tz,

Wpk 26 FEEIE, 2 OBLAFE R ZME Y 1B 2 BERICE T 5700, BERKOHF TR &
T - 7 F vk 7HFGERTO Tolstikhin & HL[EEFFE A 1T - 72,

Wr BT DGR I IS < TN D . BIRSZEA A ALDREER2HE 2 R Z ERHLNNI o T2, 7272
L. Xe R KriZhi o b @=L X —{OFEM /gL, Bz @mEELIcL s Mo As 4 bo
ETVTITP CTE R o7z,

FZ T, LEEMICA A AL A R T 5 720 MCP, #EH. CCD 71 A 7 THER =415 velocity
map imaging (VMI);2 % 8 L <SS L7z, i, ki1 TOF EAE g # 4 VT, 250eV ICE D
BTRNLF—DEL, BEORHARSINDIA A 2RETE DL IFFINTWD, ERETLEA
v DIEBEAIIMERN FHAER S, ZEEA A AR OO L0 SE e H A2 R4t 5 Z &
HrEsns,

4 BESMEAA DO E—L Y MRIERRE (FEF, )

HfE i 2 i 9 A A 0, AR R 1 A KR 2 BRI B IRV RS 2K U 5, Z DR
IMANEA AL DR FHEN T RN X —25 L —HT 25 & S B RREA IS, 208 Iae—1L v
N LSS (RCE) & FEIZAL TV D, il B A A 13, X AREEI T RCE # F[E & L7-, Fk 41X, HIMAC
(B R E SR AR IE AT B A A R )° KA Y GSI FA A U HFRATICBW TG Sh A+ HT- 0
100-400 MeV D ZAMTE A 4 > % ) 2 Ui EL I S, ASHA A2 FcktT om0 mEZE8 L
NG, WA F OB AT PO SN D 2RE T, S HICHEIE X BAEBRT 5 Z L
Lo TXBEROIR FERGHIEZ B E U CERIFEETT-> CTE T,

Rz, JRT-RBCA o J8 B &2 R 9% 3 kot RCE(3D-RCE)7S., RCE FEDRE 4 72 HDE 4811
BIWZ, A A U 2 E v THEDRES, BB RV X — Egans PIEHSM1E Efans = h0G v & 52
WEND, ZZTh XPlanck ©#. glivn—L o YRY, £72 G TS T 2R a2 T 2 Wik 1
R MERLTND, X7 ML G X 7 —fE8(kIm)THEEIN 5, 3D-RCE OILIGSIFIX
ANFA A DRI T D5 OOMN LT-AE BLIWN ¢ EETHZ ETHELND, A4 E—
LHFTANCKR U CHRER 2T 2 Z &%, AR OIRBNER S &2 &8T5 2 L ITHY T 5,

4.1 SRIERKEADEIBRIE

X BREEIIC 3 1T A IR YEALIZ BT A oAl o —Fl & LT, 2 BREILg, J7ebb 7 4 —8 2 EHILg|C

£ - T He-like Ar'®* o @bl fhiE(n=3) & /LR CT& 5 Z L &, HIEITDOI- 8N DORK, FITHER LT,
HIMAC IZ 35T, 389.80 MeV/u H-like Ar'™ A # > % 1um JED Siflih 4@l s g5 2 L1t kv,

(k, [, m)=(1,1, 0) CH & SN DR FmEHBLH &M~ T, 1s FEEIRIEE 1% 2psp MEML A~ L7z, 51Xk

& (k, , m)=(0, 8, 0) THEE SN 5 JHF ALY T 2pap MEMLND S BT 3s,  3d ML~ Ll L7,

Too T OREERALE CIXEH OfG dbEHEA O3 2 ILBIES . ZOmRO I 7 —fEHE KB L TIEFIC

< 725, M6 IR T XL HIT, n=2 YR D D Ly-alpha X #ROUNE ISR IT 5B 7 1 7 7 A L Tld, 1§

B FEAF



JRD Y —27 ORI, 8L RWELMEGE A B Lo, 18RO/ 1s—2psp HIHERIZHRK L,
HEFAL 2p3p—3s, 3d HLIBERIZ K D hiEE 2psp EM ORI L TW 5, Z ORI ZRZENIL, 74
—H 2 EHW AT A O TH Y, BEITIERICE MR E DR O—EE T,

08 T T T T T

Ly-alpha X-ray yield [Arb. unit]

0'11.84 1.86 1.88 1.9 1.92 1.94 1.96 1.98 2
theta from axis [degree]
B 6 3D-RCE (Z#1F % H-like Ar'™ A > DT & —M 2 FItnE(1s—2p—3s, 3d), b X #i &
WXL BB T 0T 7 AL AR,

42H-likeFe 1 AU ENnd X ROMEAREFHE

3D-RCE O FiE%& A > CRIEDFIEIRIE~ DB N A[HETH D, BT, FESF T O R E DELS & 3.5
ZE&T 3D-RCE DT DR T ZHIEH CTE 5, WBUKFBREEA 40D S s Bl X 8t
B VEITIRTE S | 2p YERL D & ORI X #R TS HHITH D — T 2pap HEGD B DRI X #R1%
Is mﬁﬁéﬁﬁ %18 U7-#LiE £ @@JE@ SR T TR E e D, PEk, WYIR B X BREIRD 72 h
STl ZOFEENIFEBRITITIARD Z EnRETH -7,

HIMACIZ 3\ T, F & 132.5um/E D SifE i 112460 MeV/udDH-like Fe®' 1 AL i S &, A4
DB B X OShE T E L E i S v b Ly-Olpha X#k &2 HIE L7z, #:123D-RCEICHBW TR
Z7 —FE(kIm) THRE SNDSFEEmOmaE 2L S5 Z &2 X0 2 OS2 830 L7,

X7 2 LA 1] % /Ta“ct N, JFRYERL D & TIXHE ST, j=32YER 0> & TILERIER) T D XK 23 @8l
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Outline

We experimentally study wide-ranged physical processes; cold chemical reaction relevant
to universe evolution, dynamics of large complex molecules, atom interaction with a ultra
short-pulsed intense lasers and crystals, from new methods and view points of atomic,
molecular and optical physics.

We constructed a compact electrostatic ion storage ring dedicated for investigating
molecular collisions and dynamics. Low-energy collisions and reactions of cold molecular
ions in the specific vibrational and rotational states prepared by the ring is our primary
mission to be explored. Taking advantages that an electrostatic ring has no limitation of
mass of stored ions, we expect that the excitation and de-excitation dynamics of large
bio-molecular ions and cluster ions as well as energy-differential cross section of relevant
collisions are revealed.

We have started a new project to perform merging experiments by combining atomic and
molecular beams with an ultra-short pulsed intense laser. We have been also trying
manipulation of high-energy heavy atomic ions by the crystal periodic fields. We explore fast
dynamics in the ultra short time range, and spectroscopy and manipulation of heavy ions in
the energy region from EUV to X-rays.



1. Atomic, and molecular collisions using a cryogenic electrostatic ion storage ring
1.1 Cryogenic electrostatic ion storage ring

Fig.1 Photo of RICE and its electrodes on the plate

We have developed a cryogenic electrostatic storage ring (Rlken Cryogenic Electrostatic
Ring: RICE), which will serve as a core apparatus for the production of a cold molecular ion
beam in the Basic Science Interdisciplinary Research Project; Emerging Science Explored
by Extreme Beam. The project aims to explore the quantum collision dynamics of the stored
molecular ions in the specific vibrational and rotational states by the merging experiments
with a beam of the neutral atoms. The cryogenic chamber will provide an extremely high
vacuum condition, which offers a much longer storage of the ion beam compared to the
room-temperature apparatuses. In 2013 after designing and construction for several years,
we could reach the development stage of testing cooling and vacuum conditions of
RICE-Ring. The temperature of the inner vacuum chamber (IVC) reached down to 4.7K from
room temperature after 160 hours cooling. The vacuum in the IVC was monitored by the
vacuum gauge at the differential pumping chamber, and evaluated to be in the order of 1072
Pa. Thus, we concluded that we attained the targeted low temperature and high vacuum.

All of construction is over at the beginning of 2014, and ion storage test has started using
15 keV Ne' ions extracted from the ECR ion source. After several modifications, we finally
succeeded in storage of the ions with the intensity of up to a few 10nA in July 2014. The
yields of the neutral particle products due to the collision with residual gas are the most
suitable observable to trace the stored ions and to evaluate the lifetime. Indeed in the
temperature condition of around 20 K corresponding to the vacuum condition of around the
order of 10 Pa, this scheme worked very well and we succeeded in evaluating the lifetime
of several second to several tens seconds. However, at the temperature below 5K, due to
the excellent good vacuum, this collision process is reduced to a large extent. As a result, it
becomes difficult to observe the neural products any more. We can safely conclude that the
ion storage time becomes dramatically long, however for the precise evaluation, we need
further development for the detection methods.
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For commissioning of RICE-Ring, we prepared a 10 GHz ECR ion source (Nanogun,
Pantechnik Co.). 15 keV Ne" ions extracted from the ECR ion source were mass selected by
the bending magnet, chopped to a pulse of a few microsecond width by a combination of a
parallel plate electrodes and a slit. Then, this pulsed beam was transported to the
RICE-Ring through the beam line consisting of two sets of electrostatic quadruple triplet
lenses, vertical and horizontal steerers and beam profile monitor (MCP and phosphor
screen).

1.3 The cold molecular ion injection system
We also built a device to produce ro-vibrationally cold molecular ions for injection into the
RICE-Ring. The device consists of an electrospray ion (ESI) source, a quadrupole mass
filter, a cryogenic radiofrequency ion trap and an acceleration tube. We aim to inject a
bunched beam of cold ions into the RICE-Ring. Large molecular ions are produced via the
ESI source and can be disintegrated by passing them through a heated capillary. These
molecular ions are guided by octupole radiofrequency fields and are mass-selected by the
quadrupole mass filter. Then they are introduced into the cryogenic ion trap mounted on a
4K two-stage cold head of a GM cooler device. The stored ions are cooled by the He buffer
gas collision under the environment surrounded by cold electrodes.

So far two molecular ion systems were mainly studied: positive methylene blue water
clusters MB*(H,0), (n<90) and positive and negative cesium iodide water clusters
Csl*(H,0), (n< 70). We confirmed that they were successfully trapped and cooled down.

K octupole ion trap
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Fig.4 The molecular ion injection beam line with the 4K-pre-trap



As the next step, the cooled ions will be extracted and accelerated to the final kinetic
energy of up to 20 keV in a pulse mode by the pulsed high-voltage application, and guided
into the ring. This is accomplished by a high-voltage acceleration tube whose potential is
quickly raised after the ion bunch has entered.

For the fast extraction of ions from the octupole ion trap, simulations for a modified trap
design with additional electrodes were performed. Thus, short ion bunches of a few tens of
microseconds can be achieved which can then be further accelerated in the high-voltage
acceleration tube. Both, the trap modifications and the acceleration tube, are currently been
assembled and will be taken into operation subsequently.

1.4 The neutral beam line
Taking the advantages of the RICE-Ring, a novel ion-neutral collision experiment is planned
as one of the proposed projects. This study aims to investigate the dynamics of low-energy
ion-molecule reactions and its dependence on the collision energy and molecular
temperature. The experiment will be carried out by merging a neutral beam to the molecular
ion beam stored in the ring.

The neutral beam will be produced by a laser photo-detachment of a negative ion beam
produced by a Cesium sputter ion source. The ion source, SNICS |l (National Electrostatics
Corp.), produces a variety of negative ion beams with a high current up to ~100 pA in the
80%-emittance of 6-8n mmrad(MeV)”Z. The highest extraction voltage of the current
lens-extractor assembly is 30kV. The ion source has been built up in an inter-locked 30-kV
high-voltage cage with power supplies, which are remote-controllable from a PC through the
insulated optical fibers. We have constructed a test beam line for the negative ion beam
consisting of an air-cooled dipole magnet (50V-6A, 500mT), an XY-slit, a quadrupole triplet,
a rotating-wire beam monitor (National Electrostatics Corp., BPM80), a beam collector and a
Faraday cup. The pole piece of the magnet was designed to have a bending radius and
angle of 250mm and 60 deg, leading to the mass resolution Am/m > 100. A test beam
transport was successful with a 10 keV C’ ion beam from the source to the end of the beam
line. An optimization of the operation parameters for the source and beam transport is in
progress.

For the photo-detachment of the negative ion beam, a customized 808-nm cw-diode
laser has been designed and delivered in the end of 2014. The laser is a stacked laser diode
array with a maximum output of 5 kW and the divergence of 0.5/10 degrees in the fast/slow
axes. The installation of the power and water infrastructures for the laser has been
completed. The laser light will be introduced into a square-shaped vacuum chamber through
an AR-coated glass windows and neutralize the negative ion beam. Designing of the
vacuum chamber was finished and it will be delivered within FY 2014. As a next step, an
external cavity will be installed into the chamber to increase the effective intensity of the
laser. An optical calculation for the cavity is under progress using the ray tracing software.

1.5 The superconducting tunnel junction (STJ) detector operating at 1.6K
Reaction and decays of the stored ions in the electrostatic ion storage ring are generally
studied by observing the neutral product by the detector place at the extension of the
straight section of the ring. The neutral product has the same velocity of the a few tens keV
store ions, and often a micro channel plate (MCP) is adopted as the detector. The MCP
provides the detection timing information, however, it has a disadvantage of the luck of
energy information of the incident particles. Thus, assignment of a variety of the fragment
from the reaction or decay is hard to achieve.

Aiming to introduce the detector equipped with enough energy resolution in the region of
a few tens keV, we have started development of the superconducting tunnel junction (STJ)
detector dedicated to the electrostatic ion storage ring.

In general a STJ detector requires low temperature of around 0.3 K attained by a *He
cryostat. We focused development of the STJ detector with the equivalent energy resolution
even it is operated under the temperature attained by liquid “He pumping.
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The specially fabricated STJ detectors with the size of 100um x 100um were cooled
down to 1.6K obtained by liquid *He pumping, and 15q keV Ne® (gq=1, 2, 3) ions extracted
from the ECR ion source were injected to the STJ detector. By adjusting the bias current and
the magnetic field applied perpendicular to the STJ detector to control the Josephson
current, we attained the resolution of AE/E=15-20 % for 15keV Ne" in spite of the instabilities.
We are now in progress to find the more stable operation.

1.6 Molecular ions in superfluid helium droplets: exploring molecular ion dynamics at
04K

Helium droplets are large liquid clusters of helium at 0.4 K. They can easily capture
various molecular species and instantly cool the rotational and vibrational energies of the
molecules down to 0.4 K. Additionally, the droplets are in the superfluid state, thus
showing characteristic responses to the rotational motion of the captured molecules and to
the relaxation process of the internal energies. This new project has started in 2014,
aiming application of this helium droplet method to a wide range of molecular ions. With
ions inside, the translational motion of the droplets can be controlled by conventional
methods for charged particles. This project will be then focused on long-time scale
molecular ion dynamics in helium droplets introduced into the RICE-Ring. Figure 5
illustrates the experimental scheme of the project. As the first step, we have started the
development of a helium droplet machine for high efficiency production of molecular ions at
0.4 K.

Helium droplets are produced as a molecular beam from a high-pressure (> 1 MPa),
low-temperature (< 20 K) nozzle of helium. After the expansion from a nozzle with a typical
orifice diameter of 5 ym, helium atoms start to aggregate together to form large liquid
clusters. Finally their temperature is lowered to 0.4 K by evaporation of the surface atoms.
The resulting helium droplet beam is skimmed for molecular ion production at the
downstream.

High-efficiency generation of ions in He drepletsl | Slow dynamics at 0.4 K |
Superfuid He droplet {4) Velocity contral
T-04K TOF-mass

by static electric field
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Fig.5 Experimental scheme for molecular ion dynamics in superfluid helium droplets
at04 K

We started the development of the droplet machine. Our machine is equipped with a
vacuum system having a large pumping speed, which is required from high throughput of
the nozzle: a pressure necessar%/ for stable droplet production of < 10 Pa is achievable for
a gas flow rate up to 0.01 Pasm”/s. A GM-type closed cycle electric cryocooler is used for
long term continuous cooling of the nozzle. We plan to use a pre-developed, handmade
TOF (Time-of -flight) mass spectrometer for the droplet beam characterization.

We have investigated the following two methods of molecular ion preparation in the
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droplets. 1) Capture of neutral molecules and their photo-ionization: Capture of neutral
species into the droplets has been already well established. By collision with the species,
the droplets easily capture them inside. One of the advantages of this method is
optimization of capture efficiency by the sample pressure. After capturing and cooling to
0.4 K, nano-second intense laser pulses are applied to the neutral molecules for
high-efficiency, resonance multi-photon ionizations. 2) Direct capture of ions into the
droplets: With high density of molecular ions, the above capture method for neutral species
also works for the ions. One of the possible strategies for preparation of ions is utilizing an
ion trap in combination with an RF mass filter for proper mass selection.

We plan to employ the first method and start the development of a capturing system for
neutral molecules. Tunable nano-second laser systems for photo-ionization, an OPO and
a dye laser systems, have been already set up in the laboratory.

2 Atomic, and molecular collisions using a room-temperature electrostatic ion
storage ring

2.1 Lifetime measurement and spectroscopy of negative linear hydrocarbon ions and
carbon cluster ions

In the last few years, we have intensively studied the electron detachment and radiative
de-excitation processes of the negative small carbon cluster ions like Cs’, Cg", and CgH" ions.
We have measured the lifetime of these ions stored in a room-temperature ion storage ring
in Tokyo Metropolitan University (TMU) by monitoring the time-dependent neutral product
yield. We understood the whole dynamics of the delayed process of these isolated
molecular ions in the time range slower than ms.

Large-sized negative molecular ions are generally in the hot temperature, namely in the
high vibrational states with large inner energy. Electron detachment of negative ions takes
place when they hold the internal energy above the electron affinity. It is known that this
process proceeds statistically through the delayed process, and the rate is determined as a
function of the internal energy, often termed as the thermionic emission; namely, the faster
rate for the higher internal energy, and vice versa. Thereby, we can obtain the information of
the internal energy by observing the time dependent behavior of the electron detachment of
the ions.

One of the most significant finding during the last few years is a characteristic cooling
process of “recurrent fluorescence” via the inverse internal conversion (lIC). Generally,
electronically excited states prepared at the ion source or by visible laser irradiation proceed
to the vibrationally excited, but electronically ground state through the internal conversion.
The cooling of molecular ions is governed by IR photon emission between these vibrational
levels. However, if we keep the isolated ions in vacuum for a long period, the inverse
process of the IC, i.e., lIC are allowed, and the cooling process by emitting a visible photon
from the electrically excited state (recurrent fluorescence) takes place, leading to decrease
of the energy to a large extent. This process has been predicted theoretically for decades,
however it has never been clearly confirmed in experiments due to the difficulty of the
experimental approach.

The advent of the electrostatic ion storage ring or trap allowed us to observe this process.
In 2014 almost simultaneously, our group and a French group at Lyon reported this process
for C¢" and anthracene cations, respectively, and an Israeli group at Weitzmann institute
followed these observations for Cg. These groups observed unexpected fast cooling
process through the detection of the neutral decay product.

We recently extended this study to C, ions via introducing a energy-tunable visible OPO
laser. We clearly observed the change of the cooling time reflecting the initial temperature of
the ions, and succeeded in extracting detailed information on the recurrent fluorescence.

3 Exploring a new Atomic, Molecular, and Photonic Physics utilizing the photon

sources
3.1 Resonant photodetachment of the positronium negative ion (Ps’)
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The positronium negative ion (Ps’), a bound state of two electrons and a positron, is one of
the simplest three body systems bound through Coulomb forces. Its dynamics and
spectroscopy is a fascinating subject from the viewpoint of fundamental atomic physics.
Recently Nagashima et. al. (Science Univ. of Tokyo) found an efficient generation scheme of
Ps’ ions by injection of slow positrons onto a Na-adsorbed W surface, and he has opened up
the new field of optical measurements of Ps’.

We joined the experiment by the Nagashima group at the KEK Slow Positron Facility by
providing a tunable Dye laser system to observe the shape resonance. We tried a
one-photon laser spectroscopy of the Ps™ near the Ps (n=2) threshold. Experiments were
performed utilizing the pulsed slow positron beam (pulse width 10 ns, repetition 50 Hz). Ps
bunches were generated by injecting the beam onto the Na-adsorbed W target. They were
electrostatically accelerated and then vertically crossed with probe light in a field free region.
The light source was the dye laser (pulse width 5 ns, repetition 10 Hz, Coumarin 460)
pumped by a THG of Q-S.W. Nd:YAG laser. A probe light with a UV range from 226 nm to
231 nm was generated by wavelength conversion of the light output using a BBO crystal.
The fragment Ps atoms were detected by a MCP and the yield was measured as a function
of the wavelength. We succeeded in observing a clear one-photodetachment resonance
profile of Ps". The fragment yield increased from the Ps (n=2) threshold (5.43 eV) and
formed a peak in agreement with the result of a theoretical calculation of the shape
resonance of 'P, symmetry.

3.2 Photoionization of rare gas systems in the intense circularly-polarized photon field
To study atomic/molecular ionization process under the intense photon field, utilizing a time
of flight type photoelectron analyzer (e-TOF), we previously measured photoelectron energy
spectra for Xe, Kr and Ar with circularly-polarized intense 0.8 um laser fields up to 1.9x10"
W/cm?, where photoelectron originates dominantly from direct tunneling ionization.

The fundamental output (800nm) was generated from an amplified Ti:sapphire laser
system (pulse width: 25~fs; repetition rate: 1~kHz; circular polarization lights). The laser
beam was focused by an =300mm lens. Target gases were introduced to a target vacuum
chamber as a supersonic jet, and were crossed with the intense laser pulses.
Photoelectrons emitted along the electric vector of the incident light were detected by a
MCP under the field free condition. The time difference between the laser pulse (provided by
a master clock of the laser system) and the arrival time of the electron was directly recorded
by a digital storage oscilloscope.

As the intensity increases above 9.6x10' W/cm? an asymmetric structure
accompanying a shoulder and a tail in the high energy region becomes manifest.

In 2014, we tried to reveal the theoretical mechanism to provide the above observation
by collaboration with the theoretical researchers, Morishita (The University of Electro -
Communications) and Tolstikhin (Kurchatov Institute, Russia). Our theoretical analysis
based on the adiabatic approach reveals that sequential multiple ionization plays a crucial
role, however, the detailed structure in the high-energy region especially in Xe and Kr
spectra challenges our understanding of strong field tunneling ionization.

Furthermore, in order to explore the underlying ionization mechanism in detail, a new
velocity map imaging (VMI) system consisting of MCPs, phosphor screens, and CCD
cameras together with electrodes to guide electron or ions has been constructed. This
system is designed for measuring the high kinetic energy electron (up to 250 eV) and the
corresponding ions simultaneously by the TOFs and the position information of the induced
particles. The momentum distributions of the electrons and ions can be reconstructed
separately, which will provide us more clear fingerprints for the new mechanisms in the muilti
photoionization process.

4. Resonant coherent excitation of fast highly charged ions
Energetic ions passing through a crystal experience periodic oscillating fields by traversing
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the periodic arrays of atomic planes. If one of the traversing frequency matches the
electronic transition energy of the ions, they are resonantly excited: resonant coherent
excitation (RCE). High-energy heavy ions enabled RCE in the x-ray energy region. We have
been using 100-400MeV/u highly charged heavy ions supplied from the HIMAC heavy ion
accelerator at the national institute of radiological sciences (NIRS), Japan and the GSI
heavy ion research institute, Germany. To control of the population in the atomic levels in the
x-ray region, we have measured the charge state distribution of the ions passing through a
silicon crystal, secondary electron released from the ions, and de-excitation x-rays from the
excited ions while we change the angle between the incident ion beam and the crystal.

In particular, three-dimensional RCE (3D-RCE) using the periodicity of the array of the
atomic planes opened up a variety of application of RCE techniques. When the ions travel in
a crystal at a velocity v, the resonance condition for the transition energy Eians is
represented by Eyans = h(111G-v, where h is Planck’s constant, g is the Lorentz factor and G
represents the reciprocal lattice vector specifying the corresponding atomic planes. The
reciprocal lattice vector G is specified by the (k,/,m) Miller indices. The resonance condition
of 3D-RCE is satisfied by tuning two independent angles of the incident ions with respect to
the atomic plane, 6 and ¢, respectively. Tilting the crystal with respect to the ion beam
corresponds to scanning the oscillating frequency of the crystal electric field.

4.1 Highly excited state formation by ladder-type double resonance

To prove the control of the population in the atomic levels in the x-ray region, we finally
confirmed the production of the highly excited state (n=3) of He-like Ar'®* by a two-step
resonance, that is, the ladder-type double resonance of 3D-RCE after a series of the
experiments in the last few years.

08 : : : : : : :
07
06
05
0.4
03

0.2

Ly-alpha X-ray yield [Arb. unit]

0'1 1 1 1 1 1 1 1
1.84 1.86 1.88 1.9 192 1.94 1.96 1.98 2
theta from axis [degree]

Fig.6 The ladder-type double 3D-RCE (1s—2p—3s, 3d) of H-like Ar'’* ions. The
resonance profile of de-excitation x-ray vyield.

At HIMAC, using 389.80 MeV/u H-like Ar'™ ions passing through a 1um-thick Si single
crystal, we excited the 1s ground state electron to 2p;, state by the array of the planes
specified by (k, [, m)=(1, 1, 0), and subsequently excited from 2p3, states to 3s, 3d states by
(k, I, m)=(0, 8, 0). In this configuration, the latter resonance has much narrower resonance
width as a function of tilting & angle, reflecting the Miller index. As shown in Fig.6, in the
resonance profile of the yield of emitted Ly-[1(x-ray from the n=2 state, we clearly observed
a sharp and deep dip structure in the center of the broad peak. The broad component is due
to the 1s—2p3y, transition, and the dip originates from the reduction of the excited 2p3, due
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Fig. 7 The x-ray spectrum from the 2p4,, and 2p3, states of H-like Fe?®" ions excited by

the array of the (2,-1,1) planes for 3D-RCE. The comparison between the x-ray yields
emitted in the horizontal and vertical directions are shown.

to the 2p3,—3s, 3d transitions. This characteristic feature confirms the ladder-type double
resonance, and well agrees with a density matrix calculation.

4.2 Anisotropy in the direction of x-ray emission from H-like Fe ions

Using the 3D-RCE technique, we can excite the ions into the specific excited state.
Polarization of the virtual photon of 3D-RCE is intuitively controlled by selecting the specific
array of the crystal atomic planes. Anisotropy in the direction of de-excitation x-ray emitted
from aligned H-like heavy ions is quite interesting; the x-ray emission from the 2p,,, state is
isotropic, and that from 2p3, state is anisotropic reflecting the orbital angular momentum
through the /s interaction. Experimentally, this behavior has been not easy to access due to
the lack of suitable linearly polarized x-ray lasers.

At HIMAC, we tried measurements of Ly-[1 x-rays emitted in the horizontal and vertical
directions from 460 MeV/u H-like Fe*** passing through a 2.5um-thick Si crystal, and studied
the polarization dependence by changing m of the (k,/,m) atomic planes for 3D-RCE. As
shown in Fig.7, as a typical example, the obtained results clearly demonstrates that the
emission from j=1/2 states is isotropic, but that from j=3/2 is anisotropic, which agree with
theoretical prediction quantitatively.

4.3 Resonant coherent excitation of the cold U*** beam
Another aspect of RCE is expected to be a promising new approach to the high-precision
spectroscopy in the x-ray regime. Aiming for the test of QED theory in the strong electric
field, We started the RCE experiment at GSI, Germany in 2009, and succeeded in
observation of 2s-2ps, transition (4.5 keV) of 190 MeV/u Li-like UB* jons. The observed
resonance width namely the resolution by RCE was 4.4 eV and mainly limited by
momentum width of the incident beam AP/P, energy loss of the beam inside the target AE,
angular divergence of the beam A6.
In 2014, we tried the experiment again, and we have achieved significant improvement of
the resolution leading to the width less than 1.5eV by overcoming the following conditions.
1) reduction of AP/P of the beam by the electron cooling technique using the ion storage
ring ESR.
2) reduction of the A6 by optimizing the beam transport by introducing new diagnostic
instruments.
3) Reduction of AE by adopting thinner (1 and 2.5 um) targets.
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The obtained resonance profile is the Lorentzian type, suggesting that the width originates
only in the intrinsic property of the resonance process.
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