GOVP120051 a2’

| BEWTE DM |

2IX} 201 77| BHE S A

Clol2E Ho|HE 0|28t 7I=EElE2
80|23 Z&2 o7

Investigation of Photoionization Pathways
of Gadolinium by Diode Lasers

d7714

Qe



e B s

2 BIME “Clo|2E HOo|XME ol 8% JEelEe LolRE HE AT DM HEE
oMz HEgdcoh

2003. 6. 12
Hoay : HEHED
o g A 10l & E

Hq 5 H



2 o

HO

tol2s #o|HE o &8 ZlEelES Bl FE AV

0. d77ee 52 9 984

gleld Eaehd: HAYH 4499 o Repld gEHAfHY ASAAE FR
NAYAG #HolAMu FajF7] deolAZ o7|sle HrdelArt n&d e S4do] glois] A4
ol# sit}h deleE #olAE H 108 W@ ARE AAEFAF o] 5] Agon] Wzt
B8 G Wekelld QA2 Yo F2 gt ok HI2dE dolE oA F¥
vl § F7iata slen], £ kWES #HolAE ARER gl ¥3F A5 AHEe] Ao UF
o] 4 MHz ©l8t2 v|§ F& chelex do|A iz dHolH Wltapered) FH71E Mgtk o
2 &%) IW olg2 oy, 7lse] HAdd oy AFo vy F& nEY Yol 7
o] HE & kW3¢ Rg¥e| 7t5# =) dFEt o] Ff, hFA olghd vy £
g FoloAe] tol2E #HolA ol&2 FAI Frla, HAE FHHEL A B A
ol A& % 29 24 FA, AT ¥4 w4 FH FY HolA FEU4YAAE AFHY
olqe] MdmAz dojpd AZAE} ol e AFHME dFste] vlY o=
#ol g o] &g YV e vlds FE Fled ddstsd #98 Aog. 644
g Abgelld F2F SEFY SdA fie Ae 28Ege) wjf st Ho] wWelM o
ol2.= #o]lAE HEY 5 Ut doldo] FHSivh watd Uay 43 LoplM HelLE
2ol AE AME 2% APt HeHog soseld 7 gon, o AAsH MLE 7ied
Bl 4% #olz) tolos HolAE ol 4% & 4& dxsA 2 e} 53 HER &
£FM FHEREGE Wik FFEZ ALEoN H4AY AgddM e dR Fart o3
3 gk wEtA delexr oA E of st sEFHE(GDE] THULE Fol23 N F
e 7] Z2E Xn JYo: AS¢o=A v 4249 A5 AAHE REe We

& 7leshE Zo) Kol

M AFALe] ug % sl
2o ATel s AslA e $g wAse theles delAE Awstu Ad Ho)



A& ol gste] 7tEEF TN MY of7F A58 AE ZEZ dfe A7E 44
gl el

1 33 &3] ¢t3 8 tele = HolA F3 AR

ZtEEEe FHU4E AYFos orAzied AT dele= HolAF A rER
AE}. ool el E FASIe PHEER vES 71AAH A B AAE dA A
Ztato] o] #eolAE FES HY AA @ Lxale] A wstn MY HelAs wy
RER tAEA WA eE fc UL A9 oy "ag A2d g9 HelHe
@ ghatdizh 400 nm 23 eln A 10 MHz ©l3, 2% 5 mW o], 4 GHz9 =3
AdYE v Aoske AE ZREZ Foh. A9 2HE o) shed AFEshe 93 800 nm
24 Hogd el AE g

2. fele= deolHE ol & 7EEE FHAN:Y AW o) AF

7hEE e Ui oy] de] ma FelA AL H9 (370-450 nmiel Mg He] S
FAEEIL F3), A2 499 FMeld Feld FHLLA AAU, ZEF o] J=29 7IAES
(0 em-1)8t J=321 718 (215cm-1ellAY FAle] 7|7 7@ £91, J=2-2-1-098] Z&F
F WBLE o]&F EF FHYLY 100% ol287t At AR F& FUHe2 ¢I¥ A
Eolge] Yxa B lesta o) f ol f3le] o= wleojAe ma wWale walM E
AEe FHNLS HYFHoR orsEs AL 258

V. 74d4

2 dFelA Jdg dele= ol Littrow® HAARE AMg3in, $37) Pe)7}
An &4o] oty gelusz kAHA REstgct HAAAC PZTE L4389 o4 3}
e HBRE shEshA stk o wieolAe] Aze] BAE B HAL, A FAg FAR
W ZHEY, HAA el FAE A Agsdd FHALLE A9 or)sie YAdr] DA
ARG hge] 400 nmti) A2 #HelHE ARsty] Hste] WA FFe] 800 nm LA A
2|4 #HelAe 2ailnza Wx AFE B Zd $AL delesg AgdE F oA
W& S0 Zdetgich A2nzs d@ Gde Hod coler delAg o] du Bet
Adteds dYe] a5 mWe G Y2 Ad Yol2E HolAE ALgste At
MEE delAe dEe] 8 MHzZ 34 2% 22 o o3y 3L weFa 93 6
GHz ©|% F3t FA7} 7VEsle] 388 7ol 2.

Mg HelHE o]8sted MEeEe FHYNLE HYHeR 47|ssd. slEdwd A

- i -



2| ool Mol s FelA HAo] 400 nm SHo|y, N HAEHG Fe FAAFH AN o
717k AlZE s Aol i FAH oz AEleA o]F o 22702 Holae] A of7|e) ALE
& ALE Bk olFolM ARG 24 FHNM e WolHe T A
4718 a3t 7HEAE YA BEE PEE THF(holow cathode) Ao} AF £
7l el Mg Ae A wale) 5 spAE Agasnh Y sl Bae nAFY AFEE
Az o] o Fu HAW SARES BEE Fuo wAFE Fuv, o)l2g AP E
B, ol F& AFHAE AREAD. FLF $= FAdME A $AE o]EHEE 2
AE A7 22 Q44 g BUsAM o] F o] Sdte MY 7§ AFFHHt tojo=
B¢ WENIRA sdel waky N4 AR ofr|Re BRaon, A o)
H fabs e 94 9 Azele] $EE o]L3HUYG B dFolM S T S
ooz Uf AMENS #Ez £HI oL H5H olo|y} Asi, AF FH o ol of P
74 CHO|2E 2ol HE ALSSI0] 5 Selflseh Helsts 2ol IUMeRE JSHE B
o % gigic

dyedste 289

Golg.s dolAe 2¥elWA 4%, AxvdY 59 B¢ FAE 23 Yok o Aol
Ag HAL DAY AolAG Asshd RokHY, Fulg ¥4, FY RYIR wFY 23 8
A71719) B4, Aol A9 BT FE7), EALL AN )l FESHY P o) 293}, DAR
ot A4 P4 B Bazt JldEe ALY AN deles delAr S FAI &R
dfolRenz ARslA S W of dolA FA A AshE FEHA AolAY H
s 2 9 WAzt Zdac,

HEEe dde %382 AU o U0 $HE 5 FAYLR vest %3
2 Hest ddzne ALY FE B¢ AN ¥4 % QBB FAY Aol A
ok goles dolAE o gstel JEelEe H4 FAULE Moz oy A5PE v
A ¢ ApdAe A FALY dFE G o] AR $4¥ 540l FEVE
uojEth A7 toler dolMi: sl K4 Wl ol @HHm, Feo| WopA o
g S8 AGaA e Aol Aol AMHo|on} A theleE Ae)As] A%
G2 A4 el MAAL, & kWol o2t n@ol s AAs 24F BRAT ¥
skl 4 712 dol Ag WAtE Arlkol AgsA B Aol A3drk

=i =



SUMMARY

l. Project Tille

Sludy on the photoionizaticn of Gadolinium by diode laser

[l. Objective and Importance of the Project

Laser spectroscopy has been used in nuclear industry in various fields. Siill, dye laser or
MdYAG laser has been used due fo their high power. The use of the laser in spectroscopy has
been tried for last 10 years. This laser has been used for atomic cooling application where low
power can meet the requirement. Recently, the power of the diode laser increase remarkably.
Diode laser with several kW power was developed. Unfortunately, diode laser with narrow
linewidth has relatively low power, less than 1 W, Judging from the advance of the relaled
technology, this laser shall have power beyond several hundreds W in near future. Therefore
development of spectroscopic technology using high power laser system is very important to
meel the compatibility in future. Lanthanide elements has wide application in nuclear industry.
The elements have many transition lines in the spectral range diode laser can cover. Therefore
diode laser can be used 1o test the applicability of the method for nuclear industry and the
result shall have impact on the other industry. Especially gadolinium (Gd) is currently used for
burnable poison in nuclear power plant. Enriched gadolinium should enhance stability of the fuel
cell and lower operation cost of the power plant. This sludy was caried out with the objective

of examining the possibility of using diode lasers for isolope production,
. Scope and Contents of Project

In his study the following research has been caried oul fo prove the selective excitation of

gadolinium isotopes by using home made diode lasers, which can generate ultraviolet



wavelenglh,
1. Development of frequency and power stabilized diode laser system
Most of the key mechanical part as well as elecironic part were designed and
machined to acquire diode laser manufacturing technology. The laser was proved to
operate in single longitudinal mode. The stability of the laser was improved by using well
controlled TE cooler and current supply. The wavelengths around 400 nm, power more
than 5 mW, and scan range larger than several GHz was final goals needed for the
selective excitation. Lasers with lasing wavelength of near infrared range is also developed.
2. Selective excitation of gadolinium isotopes
The transiion lines located in uliraviolet wavelength range (370-450 nm) were investigated,
Especially the transition lines starting from the ground stale (0 cm™) or low metastable state
(215 em™') and large isotope shifls are interested. Also excitation paths following J=2-2-1-0
sequences are investigated because it can be used for selective ionization of odd isotopes
regardiess of the isotope shift. Atomizer of gadolinium is developed and seleclive excitation of

isotopes are demonsirated experimentally.

V. Result of Project

The diode laser developed in this study use Littrow mounted diffractin grating and its short
cavity length and low loss help single mode lasing. A PZT attached at the end of the
grating mount enables precise tuning of the wavelength. All drawings, optical layout design and
electronics are developed. Two methods are developed to generate UV wavelength near 400
nm. At first, frequency doubling of infrared laser was fried. This method was proved inefficient
and power was quite sensitive to perurbation. Next method employs UV emitting diode laser.
The UV diode provides slable output of 5 mW around 400 nm. The laser has very narow
bandwidth of 8 MHz and single mode frequency sweep range of 8 GHz, which allows
commercial model,

The developed laser was used for the seleclive excitation experiment. About 22 lines were
found to satisfy the reguirement. Among these lines two lines starting from ground state and
lowest metastable state were tested for the selective excitation. Atomic vapor of the gadolinium

was generated by using two methods. The first use discharge in a Gd hollow cathode lamp and



the second method employs resislive heating of carbon fube. For the second one, high vacuum
vessel was manufactured. By recording the current of the jons generated by ionization of the
excited atoms by collision, while scanning the wavelength, we could observe the spectrum
showing seleclive excitalion of each isolopes clearly. The measured spectra of the investigated
lines showing isotope shift of each isotopes are reported for the first time according to our
knowledge, Large isotope shift of the line guarantees successful separafion of odd isotopes.

V. Proposal for Application

Diode laser has many good points in high energy conversion efficiency and small volume.
The use of this laser in conventional laser application area provides small size, highly efficient
spectroscopic analysis equipment, The developed laser was purely home made and it will help
to reduce trade deficit in laser industry. Odd isotopes of gadolinium is used for the burnable
poison and it reduces operation cost of nuclear power plant and enhances stability of the fuel
rod. From the result of this study, it is proved thal the diode laser can be used for the mass
production of odd isotopes. Unlike the usual expeciation, diode laser shall take main position in

many industrial areas of spectroscopy application,
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Grazing incidence type Littrow type

& Advantages & Advantages

- Fixed laser beam direction -Simple and cheap design
-High dispersion -High efficiency

- Wide single mode tuning range -Wide mode spacing

4 Disadvantages 4 Disadvantages
-More complicated - Beam position change

= Dvifficult to align
= Low efficiency
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ofo] Halztgelmz Sudtgtore 105 +4d HFo2 0% BARE M ME G
27] wie 43 Ao} o2 REE f¥oz wFAFI] fsiMe Pilo] #HE Fo
tste] F& G| E AbEste] Folof @k wEo] 3~6d¢ ZF FHHAVE & BFL
29 A7z ol ZYd uj$ sl E o2 wHoRE HolA FAHE T
Al sle] e BEE ZHA dh Zoivh ofefe oYL o] T2 WYL ARy E& EX
olch, 27l vfg S48 & & A ZAFTE ol 4EE o] B AR S5 FEF @
7 Qe 223 F3 Bde) 95% oo BAHAE AESE A4 20~50%0 ¥3}d]
of - s, FAFE AbEstE delA He] Wl wdle] ZeEFe] HeE W] flvE
ol i), W melZ g Abgstd deolA Wel Yee A7 olEst BARKE ol &R
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dolA e o] Fol® 2 WL WHe) glrke Aol U o)A FBYL vEHuD B
%Y TiSapphire @lol4 2715 ol Aol WD ofzhe] dlojx Fu WAy AS

© BASE AHgEkE el wEldlta, 2 |9 o] telox oo AznzubUE i

e ZAeE l5R 2 &9 Wastnz &40 9& ZFe A4de A0 FAsgn B

(a) Beam profile near diode laser (b) Beam profile after optical fiber

79 8 (a) GOlRE dolA FF AN FAY 279 FHEEY

(b) FUHE T vhgel 299 FREE

Belet g HBAAE olgatel A el Yot elAe UL 24 2
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Diode Laser Curenl {ma )

23 9 f4AAE HYq Sy SFHP geojes #HoXe &9

o] 48] A tel2E dHelAY 7EHY F4E AR o]F HFez 3o
BFE gole= HAHE MIGATk of HolAE AR o] BURE toleE #HelA
& A= Agol FH4E 5U9 Mainz gl E Ae 248 wasn @ e AR
& wsten, 98 Az =us P4 2 FAH, A2 delAe Al §x o)d gl
o] E¥E FxE FAAA ALAFE 28Ut Mainz el dAldAE dolos #HelA
o AE deAz 2elsol o, 4Y A o)2 A YA Aol glold oA WMo
Azt tPAPE FAMAS 21AH AF) GAAL AlA FAE S8l W welE ¥
2 #a2y Fa2E =k delA #abe «v Agst FUsA 1800 line/mm @A
A& A83te] Littrow ez solq] do] AsAZh

thol o= o)A, AE B, HBAAE FAsR 2AE 5 A FHE LA R AF
dtoleh. obelo] 2% autocad® A YUY WS debdch. ade] the]eE #olA
o g AE s 3L 2 "FY a2 (C220TM-Blelw, =2 4 28 3% 3 4
st2  viAaiA 23 A AHEE A=E 2FAY 11 mmelzm, AT
(Numerical Aperture): 0251t} %3, 600-1000 nm&] FHFelA  FukAl sde] FHo| 319
WAtZ 19 #olAe] BAF s 2%& WASNA Sk dF Poke] UL d= vpy
Eofl 743 vlA ARl R el B3t HHPo 2N o) FEA sch
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Reflecting Mirror |

1 10 gele e Helale YUY RS vehdis H4AER

olg} e FEE AEste] HYH An F=e) FHEL el dele FTHA AR
8 YX A7 717F WS YEACh o) & Ay ste] W= HFHe dol=g HYsHd AF
Hog F4o] YA&E vlf-E(Thorlab, LT 220P-B)E A8l

agel s WAL A (reflecting mirror)E 031 A PORALE) WE AYPAFE 15 E §
o, 393 E f5td YA AEE FdAs Yo WS dARA FAMNTE T
& @y 03e PZTE 23 ale] Bgel] Raste] Mghe shate] wlAEAl WA A
t} ol o] YL A Heoly FAo ALAE BeFEH.
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a9 11 AE delA FAjg Azl

F271e) dolF ¢ 3 cm AED H4dle FRE Alo]9] FE 5 GHzE v+ €¥2
M gur=g wAge Ao folBE R agich HAAAR AF #F P ALEE I
A Wolg vhel Mol ¥ Axje] Fof vl T#, HAAAE WE FAAPR FA
of 02k 34 Bg TA7 REZ wUE e GEE FY¢o. s HAF EaEH,
B3 E&, 5™ zZHE slAer @)k ool d W& melate 780 nmeolA 1800 line/mm 2 A 2}
# Adsigon], o] u §alzte] 45% TajojolA Haukeke] dabe] of WOER Yo o
oA HI ¢URER wAsieng Wean g, $iee] 2F Ads.

tEelE F9 940 dolA AR NN A HFE M A A Ak 7
th o]S $isle] FAARe] sAze vidsiAl =AY PZTE $&sidd. PITE +8AY
150Vel] 4.6pm o] E¥t} olB AR A 5 pmelR2 o 60 GHz ol4tel dlolA =3 o F
o] 7b5éit, ol s wHolAe Huo] Rukal TR A dolox HolX WelMe] Lo
2 oldh ol#lo] Alglx]nR tlolex HolAe ma 7AiM o] Ereid 60 GHz =S W
& 99¢ 2= Ho| glo] GUREE HAY A BFE o|FNH + sl 37 HakH ol
2= HojHe nE P& AASND Fujel PBHAHFFAD)AY FkAL 2RHE YT
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Al 2 A AL thole= HojAy wA

HEelEe 44 Wl dE 400 nm 2A M 71 FHeol BEe| At o AL felo=
Aol A E Abgste] wAAAE ¥ F 77 Aok AAE UV (ultra violet) tol2EE
AHgete Aol F dA: HAH A9 dele= #HelHE e Hfrequency doubling)
st Aol

A dA e 22 Nichiarb A ALg 400 nm 249 gaen PAHE GaN Al
29 deloE HolAF AMEdte Aot o] Yol u g A WEe] Faf virt FA)7}
da gleEz A4 o3E ¢ 3 2248 £ o Y5 4 mWy g 2
Bit dhte] telesd glo] Hdl s AP dHo] 2 nmel Easta, AWEE dolHe] W
# @ g9l 370~ 380, 400~ 415, 435~ 445 nmell FFHR e, 72| AP 2000~
3000 US$s] m7loln], o] HeH tlo]e e vlsle] ofF Frlie ol sith

F oA e 760~900 nm7tA A Gelo s AWelAE Fab wjrtEhd 380~
450 nm 999 FE A9 RF SN ¢ glov, 90 vl AR, At geolrE w)
oA E AHEE £ sl FAY £ fle 990 10 nm FHle] w4 An, GURER FAL
He 99 54 GHz o322 sdde F3el At wddd A £ We] oj$ a7l 2
E&E 71 o)ME e Hadtn, Ag F&e] £ % o vif vxn, F4 mWe &9
ol Wag AF nrte) del®d FE7| (tapered amplifier)7t Bade], Fabulz} F37)
F tolE delA e F4 FUYEUE FAANAFE 3 A A7 MER Ha
state gde] ok meby AF Fa} Abg mpge] webd A e T FEE st
of g},

A B 249 32 AMgstn AHgde #3o] GaN AlYe UV diode 9ol glo
W &8o] 30 mW elsletd UV diedert Haldlth ®& o4 QP8 FAlsiopsla, UV
diode #lo]lH 2 F2e] Wrhs¢ 380~398 415~435 nm Alelg] shate] Wasy, £4 mW
ol 48 mEYo] Yooty o8 FAXNE o4% Fas wizl whle] Kz e F
7bA fde FH7E 25 Adsin vzde wgi,

HA B3 7hd d9e] 100 nm 2B olF He AAE FAY ¢ Ue ARFTANE o
28 Fob¢ izl HAE stk dalg teleE #elA #HL F4 mW oz i
Y At 2 AR E ALSHYE A2nzal W@ F&o] g o wEly FAve delA



g 5ol Ho £98 A gfdd A2aza HgE Ao A& e 29, F
7)o FiFolAE Yo RE AL AT F43e dolH FEF FrHAAK @t oE
st 2709 SwAS 2709 HuAHez 25 Y FAXNE PG A6 oM =
2l 8] Mainz Universityell A M8 2E& 5174 A3 428§ 23 WEsied 45& Bro] A3z}
e gedtm o)A we e ARE A:uH, AT FdE AEHHer Hesal Azl
gl 4 REL FYUsHT olLEE A AFAAAH s E=Y, 599 Mainz
Universityell A 7l dlol® Fa719 943} 7|leg old wol &3

nd FA7ME B2 4ol gl § WRoRg §8o YRR DFEFO dof
o REAL FA7)g AR Az o)Ly TR 9FE 10 emo 2 S FA A
Wate] FAV|E TSR ABCD #¥E TEM,, =9 9a2& Adsisich o wide

23 pmZ WS FY3} FAlo, Aewn pAAL] WA v&sA HESE FU AE Aol
g g zAslel 48 A2nzs} Yol YAREER At F, A2uzs GPE FAV
o) Frelaty] 85 S @ Aok el = delAE FAVR FUMVIE B
& Age AL %%z A, old, oA Fx Frhz 0ol @atwch U
AdozyE W& a7y 49 AAm FG oA 2@ &8d wlg FE LBOE A
il gt s A GEd R toleE #HolAFE AEF F UEE sch wAY A
] 2 KNbOs, LilO; 5 400 nm 3b3 el gE F7lo <ksld.

thol e = oM E 2% ey TV TR, FAM 2= PARFE O S8
Hold R=d &8l AM2nzo PHEELS AL delAE G719 F7] ERe] 49E
HAl weE gds dnr H2E dsid 2eg delA Aol YAHE HelHE HFs
Bl (Brewster) #% $&la st sl &40 A=EE sigld, ol YL LEME
(autocad)Z dA§ A2anza}l Wiy 279 THEE BT
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Hiinsch-Couillaud
Stabilization setup

]
E‘- AW aweplabe

%Q i Hr
| : alariser
'a.l'r:d“.r i U EF i A |. .J :
i Mlirrar N ]:T‘:H‘H{‘-,,H;h »

— — e —— T e

Cu Blatk ¥ Curved Mirrar

PRI 2 i ST R e, e —— —_— e ———— —

2 12 Autocad® AAHF A2nEs AgE FA7 9 =

5O Gge] A2nEs ¥ ARE W97 ANME delA BEsk A vk A o
o} #AEE FANM sHE)AE doles #HolAe] Alzje) ulAHNEE BN WALEE
¢ Fosich £ FARse) AAPL FaAME FRLE FYUAl Folop Pt of
Aol 2Pe B2 Ry £4e B Aol Pxo) MM el FTAZ] WA HAd
e P AL AN ARE BT

ghAbEo] 0629 AR AL ZFo] 100 mme F9A, LBO 24, B &7, HEAd 2
2 2% 2ElY FAVNE AFsch AHeF BRE) AGe o 2”el Aesisnh

Coupling Mirror Flat, R=96% (@ 750-850 nm

IR Mirror Flat, R=99% (@ 750-850 nm

UV Trans. Mirror R=99% @ 750-850 nm, T>80% @ 375-425 nm
Radius of Curvature = 50 mm

Curved Mirror R>99% @ 750-850 nm

Diode Laser LTO24MD, Sharp, 785 nm center, 30 mW

Nonlinear Crystal LBO (5x5x10 mm?)
750-850 nm, 375-425 nm AR coating

28 13 A E BRE AL
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WA dAe Aenzy ARG 4 2 A%E Foh A sbx) W A" A o)
# ALE Abel7h B3 g gdon og a3 2% AR 5L sosch KNbOsrt 7}
F w8 A7t AN Zdol $rh 10 mm Hole) AAE 8T ), 100 mWe doles
Aol A& YAt 10 mW o)4o] W] Yo Ao daA Aok FAT 3 AR ¥
$17} 418~3500 nme.2 84 Jge) @Ast o], Aoz BEF AR LEF Js)
0= oldtz AsAAcG smz AP AL M slx22 QyHer st BHYel gt
LiNIO, #7e 7AA%H9 Zxe B85 2x7h W7 ehste] 44 &45e dde] gt
KTPE s+l 497 nm ©l3t2 WHEx 8} WPYDY} 288 FAN BF3e o=
LBO7 33 sez Azarn

Crystal Nonlinear Damage Refractive | SHG Wavelength range
coefficient | Threshold index
(ds) (GW/cm?) (@532 nm)
BBO 0.161 pm/V 5.4 1.67 189-3500 nm
LED 1.05 pm/V 4.1 1.58 160nm - 2600 nm
KTP 2.54 pm/V 1.0 1.78 497-1800 nm
KMh3 -15.8 pm/V 8.0 2.17 418 - 3500 nm
LilO, 7.1 pm/V 0.25 1.85 310-5500 nm

28 14 ZF ujHAgHYgY 5

7les Poold A2nzs P, 2 @87 £8& o8 A5 2o

Py /P = 1Bk

P, sin®(Akl2)

AT (Ak2)

A Aoy AAe] Zole [ AAdM2 wolAy] DdHHE Aol AkE= ofgle]
E A== §4v) A $Hphase mismatch) o},

T L
Ak = 3

(n, —ny)

(3)

e

(4)

A HelA e 7l otelMe] 28, e A2 280 g 2HESE e
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ch Sl Mol AL HeolA DAAR FolW B MR Abe FolAL ¢ F
glok. wEbA A2mzst W@ FAVE M e WA HAM HEF dAs . H
Hel FAE AARZ Hshe g 22 27 n Y FA7|A dEo m s

M, M,

'
mST

« >
dg

M‘ M3

a9 15 Aznzs 438 9 25 ned T

I e TR o] A 1% e Holrr 31 FedlE off Mo wE
Fol 2 o7l & ol wE FoAe Yidlbeam)d 2] (beam waist)7} 1o ol

oflA] W) wiAde] 7 #Zo),

: (=d.fr)
g 3 1-
® Grk }[I (-dg/r)(1-d, /r)]
s o AR —“ dl) -y fry1 - d, fr
T I “—ﬁl_ [[ { Ie:‘r'il"ll H |'lll }] {5}

9 HelA di= waelzk @E Fe) BxlolF ueEhn, d TR WM ZojelA &
e BYolF @ ololl, r& FAUI ALY FFWHoIY. FAY Lol do) mpeby w;ol

gt oty agE ol AMY Aol w B o, wE AT w E AL A
5 vhehf gl

WAL 2 s ko] FAG o] oy}, A2 wW(tangential plane)®t THY
(sagittal plane)elM 2] WutZo] wldlA sl A= 989 A2uzstd Led s Fast
ot F37] delzt &An A7 AL FEWAH vig Feold WkAs Wstrt v FE

@ol7k 10 mmg! ¥lHY FHE AEE W, A8 Fu FHA049 & Aol 7} wr
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A4 52 RE 3o HA dube] vlxdof i olF MR Hte] FAX] A
#eol X TEM, R=¢ Yt s ABCD 3§ Abgste Al4batsit

a7 -—m—— — LS8 Sl P PR

0.1 S TR T P ey S T e S i e

e, =70 cm
] 5 [ [ 7 ?
Shoa Asm Lergin {em)

28 17 Feid FAF] delely o] FL Fo BAold] HE

Bzl 7 FHeo| §INR Wi

ah o — —_— e ——— - — T S -— —
7 R
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2" 202 F RelMe Qe Alewst TR dsld 48 NHAEN AU
Zstolth @AM 47} 58 mmel W, Aewd FAAANAY Wwtge] AR FHdNH B
ol A vy E & 5 sk o] AF FA7) AMe AA YRR WEE A5l

Short Arm Length (mm)
2% 19 Fol7 FA7] HelolA Eo] FE Zeo ol WE Yur3
A3l aHoA] efefie] ez MubEe] bR AL ReMe Aowd
TaHM e ytAeln e 2Ee Holl 10 mmel A EddAMg]
Aot FARg A u

e 8 o i e, i s s 8 i 5. il

Short Arm Length=58 mm

Distanca From Curved Minor [mml

2% 20 FA2NHAH g2 wE FAE e Adae] Wy W
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Beam Waist (ur

100

50 |-

o4 55 56 &7 L) &0 60 &i 62 63 G4 65
Short Amm Length (mm)

29 21 34719 8996 g 8o o] Wald wpE HA4 WA ug

T 718 doles delAst QeHE Ag Mel wage 7] el o)A
A7k warel A7)E AAse 3% Aot Yo Wbkl &Y FA7) W)
Rol Zk dlolA A7l F7had, WP BAlgo] Fztahd FAZI A AREHA R}
o 982 Favh dasts dolAe Ayl Lol ekl B0 WAL dolA Al 7
2 A% .98 ME thga} o] Foluo,

Ie_ L

I, [1-JRRRR,(-V] (6)

9 HMelA M, My, My, M;& 139 1501 ZAE 2 Agel HARE vehin, ve 32
7] WRol M e &4 vebdch ozl M, M, M wAge 1R R FAY &2
WA TIRA /[ 8 ANE ATE g 2Pl thehich




Relative Intensity
8 = & 2

-
(=]

0.85 0.9 0.9z 0,04 0.96 0.98 1 1.02
Coupler refiectivity

a9 23 7 FA7) 24494 F1E9 de)Art YAEE A& B BE T2
5o elelA A2 F2)

RhAbgo] FehrbeA elel Azt s 2o AL Mo g5te WAl e 5 WEEG
BAtetE Aol g A7) Lol dgte FA7] AgeAe) wold WAZ A¢ Lo} vlE oF
o] Haog Fojzd

I _ 1 [R~\/RRRR(1-V)]
I R [I-\RR,RR,(1-V)] o

of 71l M, My, M2l $AHEE 12 53 B &4 WA HAE [/IE
AN AR e 2@ Yeus




Reflectvity of Cavity
o =
3 =

o
E
(=3

020

.88 0.9 0,92 0.04 0,86 0.498 1 1.02
Coupler Reflectivity

¥ A4 7 A7 E449M 7125 delAst gk A1Ee Balbge] nE
FA7] AN #HolA AR W

RhAbEl #lo) 3= olefe] 2 #2 Hiansch-Coillaud F37] ¢h43} 3o 243

213 25 Hinsch-Coillaud £387) ¢t38 23
ZA7e A= deolXe Ar|RE AHr|Fe FAYE E S PR E'E g4

2ol Fol7)

E =FE'cosd
E =E'sind (8)
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AN A dolA e BB 4R B, +34Y E'e g ol Fol
o,

5]

E[ =E[R, (9

FAYL W, §=2mmo|w, o] whe] YApgo] Ay =Ho] girkd ukalg FolA W& g
8 dd gy ey 39 2dE dolvd uhag dojAye) UR g Pe] el
A8 Hud ASEY 2 F9), wAE e M4 HBRE AUEM W] FHT, o
Aol thal AYnBAT A dolAel duAzt 2o HErlY FTUY Fo2 HFoA
drten. weld ag FE7)dE oltd M HAEHA Fn, FTAVY B2 AL 23
" PZTo = 9 41357 gich wels F#7]2 He] #ste giA do. 28y F3 =34
$ "ojux elgl RPo) =HY Yo FEHE AFY ave Wt 473 2 FL G
Fige)

!,,-Ib=f’2msﬂsin{?<{ fiRane }

(1- Ry 4Rsin’(5/2)

(10)
of W&ol PZTel Asgte]l 7hejxiA =vigda 371 0o] & wizpx] 37 AelE WaA7|A €
. el el Fube wghe] @ T FAF @RAE AA dEFEHE AEFY A7
7} alRe] Fmaol wiel WEls e Jedich o] 28 HAE AM A2nzs 9
37 Y dAL delA e Faapd T AE KASA He ek o] WY FHL
Mol g whgAlzte] oig WEn £Hes Fuge Q¥ AA Helk whE ddo] 4l
o B 2HoZ HEA Pt
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‘ranspitted miensity . Reflected signal intensity
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L 4

(a) {b)
Ay 30 (a) M2nzal @ 2278 st 39 A7)

(byd #aE 2 ool HEss B A719 Fapae) o Wl

ool Wi Aear] Askel A A2nETh WG BT B 19 Az

vk} gl

B, e
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Diode Laser :

2% 31 A3 A 23 nza EE F379 2y

A2nzdgE ol Rals Wilelre 7|Rute FHe] ok W Ado] FToh B ATl
LBOS AHEdtgley, 7123 tdeless] o] 100 mWel E3sle] wils 88 &9
T pWel E3tste] AL FP7I AEUG HoE = mWe| o) vstof g, o] 2
= FHE 97 S e delm® FE7E Agslol §in e mrie] FF718 niR ey

7t gE ol HYg fdltd lEelEe HEy mde] g 400 nm 242 UV ol

e Azstge, okl 1ge HAAH ol He) mgoluk
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Screw

AHEEE Blle)d RE

S

g Lens

O 32 AgH tlele s #@elxlg] Apz

o) Apope vhg el st gtk

Diode laser

- Michia, Model: NDH?S_IEAC.&E], 5.6mm can, Cathode ground
- Peak wavelength:399 nm, Optical Power:30 mW

- Threshold current:41.2 mA, Operating Voltage: 439 V

- Operating current: 64.4 mA, Operating Temp:25 deg.

- Beam divergence(FWHM): 8.2 deg(H), 26.6 deg(V)

Grating

American holographic, 2400 line/mm, 12.5X25 mm2

Collimating lens

Thorlab, LT220P-A, 350-600 nm AR, NA=0.25, =11 mm

Cooler

TE cooler, Melcor, 2A

PZT

Thorlab, AE05S05D08, 9.1 pm/150V

Current driver

Wavelength Electronics, 250 mA

UV thelox #lo]lx)e] #atsl 28848 2alste] uolr, &2 HAAANE 2387

Hef] &AF 2ol
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Limear Regressien for Data1_B:

55 ¥Y=A+B"X
ki afametar alu TTE T T
W A 52 53578 0.75818 / .
= 18 1.06601 0.01153 ]
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£ o e
E 1 1
5 o r 4
] / ;
i "= ® E ® N W ® = = ® r?r -
4 Fl
-5 T T T T T
o 20 40 60 #0

LD current (ma)

29 34 A9 M oo edolHe] 75 Al e 9
23 A3

Az M2 14 HAERFE 35% Sk ol FA HEA Yol WT WolM ofd 1
B ol 0A4= e Y3 A7zt el

s Y=A+B X
j Parameter Value Error -,."’r
5 A
S | A 625033 016003 P4
E 4] 8 0.14307 0.00286 /
g A
E 8 ¥
E ] /
. i s
5 ] P
{ 14 l"lll
: ¥
':IJ " ® § § § = ®§ ® I;
y
a 20 40 60 w0

LD Current {mA)

29 35 HAAAE A Fo) YA ol do]A e
5 A%l WE 39 24 23
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delA e HEE 2Alndig &Kol 1 GHzYl 2R T T2 duEcs A AdAde O
of o} glck. HE HkS &9 YE AL Aolg) AR dHHEA Faste 4 g
of M <A FTAH AL FASAAM FAFINE o83t FAA FAYe HAVE S
g 27} ole) e Tdmelr,

1.2
I

rE it oty S it

06 I e, e | R:Trlp- ¥Wolugs

., . J
o4 | mﬁ"ﬂk’rﬁ‘ﬂ

o Wu “]u P 1 GHz u #

a
=30 =40 =30 -1 =10 Q mn an in 40 L1
Time (ms)

Segnal (Arb. Lnies)

a9 36 T R FAEEA BHENE o £l
g E & Ty Bo| HANE 4% A
F a9l Faae] R =g opd] adelA 0 23] deingdc agd BE
dol A 8 MHze] w§ F& A% wrh ofggos et das sde] 25y
TH #2071 EEd geleE el AFE FTrlEE 3L o) Fdted, H3e aFL
ol AR FAelME Hattirt ol AdelME aFe] ul e FHolAnh o)} LF L Folo}
b o] ANT F2AFE Aol HssiAc

008 1
1 GHz
.04 o |
=
5 00 B MHz
E 002
)
o0 ’ i I hwﬂm “' Fhm
!
(X i 1 v T T ¥
o8 009 0.0 omn LA
Time [ms)

2% 37 deles delAe] AEE ZAT A
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o] dleolAe] =g 537 (Burleigh)® 3% Az ol 2P st slct e
Ao 4 B3 a4e 398964 nmo R HEEEe AolHd EFAYLE ¢ ald

Bl operatlin | 5

R @ ﬁ'&@% 9@4@
Ay 38 gAY E SA% oolae] =

Al 32 tole= #olH R Fo] &3 sHed JMEYFEY HolH AT

I1&8Y tjelex= #HolHe] HFE 630-680 nm, 750-860 nm, 980 nm M e|t}. o] oA
400 nm 242 kg dAM7ed 750-860 nm #H3 W A2mza WPAFIR 375425
nm ] 33 Ao, UV dolex delae] @3 75 wae 370~ 380, 400~415, 435~
445 nmol| #FH =] ot whiEbs ol2d s HT JAE o|E W 5 Y= FlEAFY HlH
& stolef @k ol H 3lo] database (v EFATFH NIST #7 dB 2159 =944
d74e AMODS # 8, Mainze) #8& #8)8 P43 oAuA #4 A8E A e
Holddo] 9 sl @air, 2t Aojde] gt F524FE vz £4 dHeolgs T3
o gAl ZAERA ol FelAM ZIAEHAANA EPeie FHAYN Sk 2 olft dHlHE o &%
T2 Eedide dAFoR AEFES 71989 9AF7E d=s THE AEET o
Sgel X U2 Frle gl Wie] WAy wiEelr) wEly vdE A sldEe da F



ZlE& wgATE Ao E FEEEe 54 % E9d4 ZEFae] & =6 =912 RET
h 2, ddgaadadel ArA 7lA 49 €4 2= /Y ZBR o EHE AL
of #ch 3& Held FolMd Al FHAHLFE ZAEET FHAS G992 R E 7}
FelEe &7 FHULE ol FWolst Wor FidEs ARt FVIL ALEolA
FHf 4ol E 5 Py 6l AFAM7) A FFERANE Sl 2o BE Ay Bu 5o
Aok 28y A4 o] el e FAYLF 2 Manz el ENbO; A& Apgs
of AHE £ 9k 422-429 nm HF o ofy] e Aol dd hF A7 ARE AsaH
A9 ueh A Yokl o] 58 23} HololAg FHYL olFoz IF 2dEYE A
Al 52 skl chlol

gt ZiEelEe 7713 FH4AL FelM dFr 1605 25 156T vxE MER ol #
3t5] hollow cathode $EE wHEolA 329 nmelA 498 nm Altelg] &H3HE 247l 2 meter
o] w4 PBAE A3 BAHF ARFE FEFACL o] ZAANE o fEHU AU B2
v, Efl4ld olFo] ol AR e o] hseiulzl

L)
e
o}
ok

e

greseias o so6 ol oy AR
o 1=2 Reeedenetits 510266 omt
859.2 nm

762.596 nm, 808 nm

4F5d6s8s(°D 38024.792 cm”! _
4F54°CF;) 17913 508 cm!
790.6 nm
: T78.553 nm
af 15376.242 c
s 4FSd6p('G) A
422.7 nm 398.784 nm
(UV Dinde)
Ar5dées**Da 1719.087 em”’ 1S=143 mK

4175d65%(°D,) Bogi

28 39 71AEAAAN @8she A9)d Ao Hold FellA FHUL o Fo] viny 2

Hejd

7NA FH 2 gle A Ale F94 F9 FolAM, J=320 NAES (215em DoAA F
Aol o7)7F FA5ETE o] EdE A A glomg of2d ERS WE SEAH
F7F itk B olFe] AWAME ol FAAF IS o8 AR 1348 A
g a2Ye o] § FoAA dEH A2E Helm gt
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IP = 49603.0 cm™!

4F5d3('Py) 37702.758 cm!
813.041 nm
4f75d6s6p(D,) 25253.838 cm”!
395.979 nm 399,760 nm
(2x791.959 nm) (UV Diode)
2
475d65*(°D,) Tond oo Dy

a3y 40 1AL J=3% 1A (215em DA
FAlel o717 b oj28 AR

e HEA Y B FHYLY 2AEY 204 FE7} ofF Ry A+ FHUL
GE AN gone F5 FAYLD FFHAY Aol VB AaE Aol g Aol
choof A4 obdl 2% Lol AN WY HolAR J2->2->1-508) £HE WA oi7)4
719 713 £919] F5 F594E 100% o] & spgrhial

349 41 gFT ol g3le J1H £ E+ FHEx
& 100% ©|28 AM7le A=
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olg} & «7] AEEF AXNY B FHAx
EEEHA k.

rir

A7) B A g odhe] of 23 e

Even isotope (I =0) Odd isotope (I = 3/2)
i Average Population
Levels Al population Levels ::;.I:s:::'t:n; Mow relative
trangtions distribation distribution
(B=0) [ e
Photaionization (J=0) e T %
Pleotonnization (J=0) L S ERS
Second exciled (1=1) T 9
Secord excited (F=1} 13%
Firsl excited {F=2) NAAAAALAAD i BT %
First excited (1=2} e — 349 ".. T FHF
Ir\LVNL“J — - -
Giroand (1=2) e, g R, e g { nuchesr plus Ll EEEL SRR N R L ] m,
electronic) T BN Y IE R EE R EEF T '
m; (eleciranic) 2 . 01 2 my m; (electronic) a2 | - o |1 2 m

28 42 AR FH J=2-2-1-0 HE2E A v By FHALLY E5 FHULY A7 & 2]

o] &2 W& ALY F 7] HAMe A2FFeol AUY §qL Ae 9971 goleE Hel
Az 9717 e @ A Axd Ak sy, fEE o] TL =UE WHEE o238 A
27} 9707 4 d3ch

A |
..‘gzt S0624.7 cmd |

50624 7 em 1=0

IF= 496030 ¢m-!

25164 040 om?

A7 S d6 s3T5 D 5504 nm 764.5 nm
& ol T _ .
! 378 * IAZ34 585 em-t 4PEs6p (°F ) ® TH44d53em
£30.595 nm TT5.867 nm
41754656 pL°F ) 325028 em™t — G55 39 em |
4175 d656p("D,)
430,634 nm 405,47 nm
(2x%61.268 nm) (22810945 am }
I.I"Tillbi.‘['l:l-.} b — dom" L p i em-!
J=0 demagiedeciet goens g et
BO3.125 am |
a%sep (F,) 18173340 cm ! |
T68.716 nm !
|

F 9
A5 dGebp(*D
SPCRIT 497,706 nm

{23794.54]1 nm)

Dem'®

29 43 ALEFF A9EE o8¢ 3+ FHEL: ¥ o3 A=
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oteie] HE 4 2] HolH FelA ZIAEHNM ¢t AA Dige] Holdnkg
Uebd Zejck. §de] EA® AL J=3% AAES (215 cm el FREE Aol M} FUF
FATHE st Aodg ey, A G71# 5 1ol ZAE 7]l AHEE 5 o] »
EANE 5. J=22 44 29952 A2 EH AYEE HEY 7 e Hol4& e

wavelength  F ol 42| A2 classification isotope shift 215cm™1 |
Intensity Energy i electronic overlap
(A {cme1) configuration (i)

3382,228 29557 1 4{75d6s6pl(9F1

3787150 UL L ) 3
80388853 T AN a5 A0 L T TS R 3) L s
3943.236 :

3945 541
3972.706
3987835

1 41?5|:FEE 11G1'

3 4ﬁ"5dﬁsﬁ sps

£ 1 71HENANA Lsle #AH wae] Held

Al 4 A 7MEaEe B3 A

lEeleel HolEE BHdr] fHMe 34 YAE WAAA} vk F4 dAE B
A7 $He=e Hollow cathode HEoAMe wAg o]dslE Wilal 2T §7«H A
7| Zloven)E AlE-3le] 1Y A7 @by, HAES AEEe FEY4dd SEHez HAYE
H&3e] 7idst: Wy Fol ok dAFE AHEste HHE T4 kWeld =1 kwe] &9
S 71 ARG AHEEe] gFe] T4 92 9 24T 0 dem2 T FEY o
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3 FAUA A4 Aol K-S 239 AAF2)E VAL dE A/ 2E ASHE B
Pol ee FEE 714N #8310 Hollow cathode® o] §3he Wae 7bd nasieh ta
Q25 BA Aol BN HEL Wee AF FAs} golx 4YY Do) YA F7)
§ WA 57 Qo g BAL KA A% v buffer) FAE ASHEE FE
ojg ~MEYe tehst 47 Aol 743 @ BAlolrh. ¥ AFME hollow cathode B4
A/NZE o §3E WHE BT Azl Ao,

37 Aele) FHAAE dolAd sl ol Aae) of/HAE AR el o3 ©
th oo ol&& HABAE PUS AF AYE WM BEE AFE BAHE PHE A8
AY A4 FEAE ol Fale] FRUTh AF L AEFHE ASelE ¥ 27t YE Fus
S A% FE71E 4888 107° Tor A%e) AT HUE BEolok Brh o st U

& 29 Re WE 78 AFshsn

[ '_“ |' i il

[
S
/i

=

2% 45 Gd o238 48 AT Ax
AR A8 FE37 fisted Zee] HWxd 2)dle] PPe] == 3¢ A @4 HE

(diffusion pump)® AbEElzch AF 4d¥E penning Aol Algauge)d AHEste] A8
AZE AL 87 of 2427 AT FHAH Fol 3% 107° Torre) £t} AF 2719 6"
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#lport)= ol FE&717F ¥ AEHE Folg f AL Ay AF £718 vehdch

o 46 Mg uzy £7)8 Az

°l&& 757 AL ¥ WA Htime-of -flight) o] AF A2 88171 $8Ho
TEUN JM5We] A5 oR AYHA o, HH ANE Adste AR, el of
& 33 d59 A1E el
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A 2lste] &8 o2& 9 AR 2 MCPimicro channel plate)sl] 2]3fe] 4
7} Wuke) o]} FEE o FEA

29 48 ol2AEAA L A

Hollow cathode lampt Cathodeon A}2l 3% & (see-through) 298 Abgdlgc) o] @
ol 30 mAs] ARE . 28 AVZE ol 88 WA THFTAE #2) 2yt ge] 271
#F TEUG. 4 299 8 a2 BEF AEE o FofH 9k o] AR AFE E
H H o] 2jsle] o st

(a) & A2 (b} 7} AR
2% 49 HMRE AMEShE Q37 24%3

#HAsglaka = Hewlett PackardAl2l HPS1I5AE Algdlsden, g 20velM 50 siefg]
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2 7 o flEwEe F& o FAHRE dovE FEe] ddn g A
UAFHE G2 Agste sIEHYZE A Hse Bt o #AZI2E @A Mainz gt

A ArgeHe A B Aolch ofde] AF §71e FAY A7) ANE vhebyh

Hir s

aH 50 AEFE7|el B Hrl2e AR

e 49 449 AEUE F40 A2 Fuel §3s0M FU ¥AE AW B

e+

= ok AR Hr2E NEE HEAY deld P ok #He] Ryt A E

1 mmsl FRo] HolA ¢lo] AAF7 7 wakEe] et FAlEAYE A#E 5 mme w2
3mm AL o] e gle] A nAEG. F4 A AF 1 mme) FPe] 7HFH A
TE e AR FHdEE Q42 2171 o Al A AEe] d2E ArIZd HE

o AMeho] 108 A= AA AFE HA Eoi= A

A5 4 ENE) UL duols] Ay

tEelge] A9 ol dE #2037 fsle] A A4 A7 Ae$ Hollow cathode
lampoll A 2188 &k AE ot A2l Heo|Me SE(Doppler) MEZ8d)7} 2A A7)
182 o] F94e #HolMe] PHAM Fieo] Tsich o E 2¥E UV tele= oA E
hollow cathode lamp# 234171 o} &, w48 FAletEA 2 & Feg SHF 43
o), 2HMEHE By F4 A7) ol EAA FRo PF HALEZ FHALL HYEr] o

A,
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n

54
=

[
LF ]

R A W
N

399.2650 399.2660 399.2670 399.2680 399.2690

Signal (Arb. Units)
=

=
L

Wavelength (nm)

2% 51 Hollow cathode lamp®ll UV tie]2 = dle]a & A7) o2 alzte F=apaiu
M AR F4 A"HEY,

ARl A delAe odfe] 7tEelE doldo] 48 23

4f75d%p("'G,) 25571.672 cm!
399.267 nm

L, 475d6s*(°D,)
532.977 cm’!

0cm

4175d6s*(°D,)

2% 52 F%W &5 A7 AEE dolid

TR % AERE PRl AEH Fo| 237 M. olF flEteq =Fe
g 23 EFHE A= deAE B2 Yield M2 2 g F oAy F
oix &% W& ZB(chopping) ¥ 3elH A7t FHHLe2 AW (on)F 7 (off) FelgE @
E3e % @t dlol Xzt $9 #e] obd A Wa EEY AE HUE slmE TUH 4
Aol EAMEE F odelAs e whike] wiepA] FAlol 4 golst AMAe)E =sA wr)

1L
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mEkd FUAG At F9 el AAE F 71 gk ol A5 dHolArt AAF fAAle 3
Fupro A dojupd F Wgon A doHE ME tE £EHEE A 4AEH 9
EIEE Y& dots 57 294 dgE 2A 2o o/HE H4L < E3H9 hollow
cathode 28 F-3al= #elA& lock-in FH7]d 9d5e] 27 M5 Po] YojFA
FAEe F=7)d webA st AEY FEsA g2k O agE o 5944 olF &
A A9 FAHAEE Mo E

Computer Gd-Ar Lock-In Amp
Hollow cathode 3
Oscilloscope  {Chopper lamp o phter.

2% 53 Hollow cathode lamp& o] % f1x}2] F944 olF 23 i FAE

A& FYs17) Aste A FA 2 AL i g

UV Diode Laser |

2% 54 FHYL o] F £ 49 P9 A
A& A4 delAg AFE wA fe SHZE ol Edd e duyA F4H SHE
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FAEe R AlF#d o s Gd hollow cathode 122 AF{E 30 mA <44 F7HA12
tlol 2= #HolA e SHE oF 379 HZE UFelA 2 28L& g2 UM PEF FEHEE
2 @k -39 delAe o AbHI o] PEF F o)

LR TR Sy

1% 55 7HE2¥E hollow cathode WEE F3s
UV tel2= #HojHe] B
e FEHE 2uE AAY JZE AU B 2oE AFe] dl7] WEd ol 98 9%
& ®ol7] Hsle 49 Wk Heolid nAAA FUck 5= oF 500 Hz8l 32 3
et ok HolHME ¥ T 2AHNM FRE FASEA Fasie dolAg] 285& A
ARch Dhae weld Fo] Zhadle A7) BEEW o Fo] uiEZ FW sppoirt o] H
g 71E5EE o, FA A9 E Y SAY LANES 2HEA FY 0ok 2, oA

o=

IRE T2 CEE2E RUA REo] $£§ A BFIUA FAG T2 ALBEAA
o £8% FATVE FEdtdM FFE FAERA FAC 71E/. o] VFLE2REH FA
Foeld GUYREE KA A FAZF 5] #Q@c a7 519 shdel RolE dds]
AL oEEE FAF B HA7E 7IEF ek HFE FAEE FHdA R=H (mode
hopping)el #4831H maale|o) 7hAe] Utz Rsjch wabr o] HAL] 7]5o| LA

71 FH deojgjur Haps)
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156

25 | I 157
. 155 L'\ 158 160

WM/ s
RN

0
399.264 399.265 399.266 399.267 399.268 399.269

Wavelength (nm)

Signal (Arb. Units)

1§ 56 7HEYEY YL BE AqEY addAe £ stEeFe A
& e

ol o] o] WHHY uwbupikel Ay 2= F o] At P AfoN fAH FI3
L2 UARNES PG F dHelAE 1% vigke] Glzte A a glo] F=EelA] 1 meter A
= A wig L@y APst= oA E mZe RAYE ALR ALty 2 $
7h sloh #eE W BYEVZ RUAN AEF 715§ o A FaEE FAEEA
Hge M 7 EAUL o122 Aol® B2F Ao 1Y 56olch ARG e a7 52
of EAIE doldolr). F4H & 713 HlAE F549 71EeF A= N1AERAA 97
7b =, o718 Az YT o] BYHe] e 8371248 2Esd o L3E) Wl
Holvts Aol 3 7lae Axd FESA 9719 Felo) glenz g dAs) 2 E
BH oluAE AP ol2ad HAdA der AAE BHAFE WHAAR o= 3}
of gvelA Fzoh AP AP AYolA AgtAalrt wAw) o] AYE lock-in FE7]o
A FAEshe Aol

HELES] FHdsE BF 77kA o)), PAus} #Ade g g2o o} BHGy 249
2 AEE 204 F27 JoBRR MEe] M7l FAud e vdB o) e HEsg
# adze 7 mafnde 494 2SS Hojsiglvh. AR 1549 152& A 57
HE Zepa Eat Holzz AHEE AAE $Ess 42 @4 o] 2#EZ oz NE
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FAY FAN20E G e Ee P

® 2 7lEdwy F99: A s 92 g

" Mass_|Peak (nm)| LS. (GH
160 399.2683 0.0000
158 399 2672 2.2349
156 399.2661 42710
15T 399.2663 3.9159
399.2663 3.8624
185 399.2653 5.6922

399.2652 5.8358
X 3 S 4L o153 #fa 53 95

F3Y FA940lE e AFTD o 1 GHz AEolrh tholes Hojxje] HEo| 8
MHze| 22 283 54 994290 Fistd o7AzE Rel 7h5dtt 34 20EFP A
7t F8 94 WE2E of 120 MHzelo}, dlojxje] MEQ 8 MHz7} ofd A& Fo] =8 A
F uwgoln], ol dwaely st dolA sl FAE YA s @) wFelr), AWEYL
A3 B Fuel M slopd fixlolA] 1w wEA MBS FAEHA FEE L 5 ok 4A
2 ol & 120 MHz®) F& H%E 7} AFo] of 500 MHze| HEL 7139 ~sEdo] 73

| HolAl gl o] He] 47l ol P <lelA gzt FE 9lgh HEZRo F3} uf
olv, W EeRd e AEdd AAE F71 o
ofdell M HAF A AYRA7} 533 em'e) FHAEHAM 7R Aol @ 3elu)
oAl ZlAEgAA J-120 FAE (U 21=25060.2 cm )2 71® Yabol] hile] ZHaie] n
stk A8 28 <y deload (diagram)e &3} 2o}

o
1
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4f15d%6p(1'G,) = 25069.179 cm"

398.784 nm
0cm!
475d6s%(°D3)
a9 57 7IHE A EFdElE gejesd 2F o
A=

4 YRS FY%Y. s 2d9E ST FIoo.

4.0
158

35 | ;

. 156 | i | 160
gl v v o) !
= | 157 '\ |
=2 s " /\ / \
£ ,.f".vq\/ | / 4 /
<20 [~ M Yoo N O
:gn & L
7 1.0 |

|

i | 1 | 1 [ |

0.0 .

J08.TR20 108, 7830 398.7840 J98.7850 398.7860 398.7T87C

Wavelength (nm)

3 58 714 FEfolA @2t HolMd A FHHYA: olF &4 A

ste] ZAute} ulmstd AF7 29 Ae FAANATE ¢ & vk 9] a9s 2HERHS
EREH SAY YL F BE dE2] He) oo ARG o | GHzE 22 23 43
¢ viszatch 1 adolA SEEAE T A6 FHeld mAE nAAAYE 4544 F+ @
o] of§- T E5 FHULY oivlH) Q7E WA 29 399 0994 BE, gYEE F
2 folesd 23l oA ofF|AF|A "ok o] HAdA FHYELY R O I
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o AFAoz 23 47EHd e YAE MZo] £ nmoeE Yo o kWF uj$
2% dole = #eolA (3732 808 nm)E AHEE] o] & AR FEFh o2 Abee] rhEE

w& 59 AZF Sl A52

2 33593 430 PR FFENUAS 39 Hele)

o g oo AR ZSER AMESHA He Aol

160 | 398.7856 0.0000
158 | 398.7845 2.1819
156 | 398.7833 4.3383
157 | 398.7836 3.7542

398.7834 4.1402
155 | 398.7826 5.6512

398.7825 5.9541

£ 4 33 5984 9% @9 92 b 94



H 43 A7 S5 @45 2 23 Fopol9 Z|ox

T AycME 2 999 tjolo = HolHE olfde ZlEFEE BolL3) NI F
i ol H2E 3, AdFe 24 FAHLV FolLdl Y& UFsh= o] HF £
Eeoldh. ol& Adta dahdzde deles delHE 3 AMRsn #8e] b mW o]y e
A stk E=F FlEaEe] R4S ek Fled HolMER <y clabdkede
AE 718 vRse Py YAt g Ae gy A28 FAE BEe)A AT
HES 53lden a8 d cele s g oldsle slEeEe U7 dades g
& i FHHEL olFE A gl dF HHE AR RF g4FHder, 947
T A 4544 F5 vdHe) dg 2 AEows E5 FAULE AN vheleE ¥
ol & AHEetY duHoz o2 A F AFE Bt ol AF WEE mofsY o
&3 #el

ZHEElEE 3708 gelee AeHE o) fild of 284771 el e Ut 7)o AL
thele v i Apf-alojof ¥l B gdytellAi ] theler el E 5 7hA] PHE AHEE
o Adsisich WA, M2z ARG TR PR YULRT dolor #HelHFE jlASE
o Fopeg wrleh: WHEE ASsidch & sk WA Littrow ¥ thelfE=E FAVE
Agatgick o] W& A7 deoj7t B Ao Pon, Suka) mye] glelk wME W
deol #Hed Adel Ao 7lElwel ES, 10 GHz olsle] w3 A9 FAS 22, Littrow
Wl g ALREiT, o] #HelA e MFeli= Mainz HEe AES Wekeo, Mainz el
ol = #ol A Ag AR REHe o}, fEle o] RES AMYLR A 2Ase] A
=g & =29, F27F d9dte Azde] & pHEHAA S AEd REL LEA
EE ol Y dAsigleng =9REH 43HA s #usie] Ay dEss] HA
& =HlEA =Uct celeE HolMe HFAolEH e} ee]H Fale]l 2 D} Rk H
A dzstgden, 9d Y E Algdle 2% HERE 006 TE SHEEA 8o 97 B &
& dyHog g4ty

of #old ¥a7] ol 3 em UEE Hashi, Vel ol wig wrFvl, HolA v
& TE 947§ olg3o] 8 AP 2N #3F 850 + MHz o184 wl$ 428
#9g 9gith o wHolAE BuUlE M2mEn FA7|dE vAY At vfjg 2 KNO, 2
A8 AFEEYE 100 mWol3tel & ee) tjeojes el HE AlEEell 10 mWe nEFYE ¢



& 7 deyd, AbEste o] 400 nm ¥ elolr wlH¥ Aerl ZFe LBO AAE& ALEH
o a2 A3 gele = #Ho|Ae] o] & uWoel Eujsim BetAsigct o dolxg $9&
=27 A E £ o] 17g) HelHd FE/|E Agslol dle @ el AUk F WA
FHe 23 fge] UVY thele s #o) A Abgste Aot A2z FA27 o
£ HE FAel Qo Fa W# ddde] 2 nm oFE u§ Fuhs w@de] gl

sbEdlEe] $34E ZAEe gdeoloE oA E Algste o2 F gl HeldE
2278 wrAERvh o] HoldE FelAM 9l ZAEFFE WEI} J=2-2-1-02 ARE Fiho
HEHEE o2 Aoz, WEE A7} ojuelE F¢N4se] AeH Br
el = FRL olFe] g & Heold 1378 wAsisian, ¢AEL J=22 FHEG
ozt J=391 EHE FTAld o] fe] 7hEdle] T F AFel sHFEA B ol F e
A Folla 270 tlEle] o] &3 AaE Apgal: Ho| e ASE e

bEelE fAe] ol 23E AFEHT fdtel T 7hFe X3 FAE AgEdc 9A
hollow cathode ¥XE& Abgaid). o|2le WAL o|fdins T2 off zHerg Aol 9l
ou 28 4EHdr gl dle] Ak o8 ZEE7) 8d =F = 2HET £F
HE AMgssidg. o 2 lEYdEy 4 EH9Ld F AEE Slda THALA o5
A8t} o] 2¥EG o ZNE tojo e do]HFE AL 5 SUAP o 2ENY £
AEE BIY + A%t o] WEE F4A F5dAM S@atE o HAojdd HIAME HE
3t mgton] FIAHEHelAN EFdsl: Holde AL FoaA FSdA Fwsie Heldd v
dto] Mgzt 20 2 ZIMSAES ¥ F s AFLIME o2 HNEE A2 Hs
of B FRY flas Ao SeF FEY 443 FAE Afadd &4 528 4243
A7t Aol HAM meo A =dEidich =¥ YA AXNE ¥2 Loy dde g
AE AL AFAAE AFEdd. AFEIAE MCPY ol2AEFAE ¥did. tele
= delA g o] 28HE delAE FAle HAete oA EE A
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H 5 & dxuzne #2445

 ddMe Aed 999 835 7l gelas oA E Asn o] F oLy
1EelE YAty FHUAE MYHeR of7] A o] |7 Axl Y3 B3] vi$
UEEY, HURER FAR 5 e o)A FHE dAstn AZAE AMFse AL A
watgich olEld BURE HeolHe HAFY FB7], 99 dHeld W Aa, iy B
B A, A el BF HelA] T2 AF 2 #4479 Fsler E4Hm g
o welA] ojef @ EepellA e @ie] JuRg A FulslME el @ Fofo] AFjeME
23] wleolA #Hu|E U slo)M welA e FAEZ} o] FeojHgW £4 A &I 9
o},

ob&d] ¥ dAFolA Wi FPol2s FEE ol B3y JMEAFE 5 FHYLE B
sle] HAR AMgo2M 248 $Ate $9NNE 274 £ AUt s E389 7
SdEE Ydnd Hrley S5 58 F7h4EH 271 glo] £9430) F719d. ¥4
e o] BE Azl AaHog wAAle]ls] FHAE SAHATIE 2A A e 47}
ek dAe Ad FA8E 71 rEelE S 9F YA ddsdM Algga glen, 9
472 EF5 dUFo 2 5 FHYLAT T3] #Hdnd HrPgR e AlEYET
AbgEloE Hog ur) 2 4o feE Y8E ALE £ 9 Ha, Ydge #dE 9%
ALRHEEE S0l Bk 2 dFelA g whdd ALesle] QA d34s dgd A
AEE o JtEdsd 2 T4 TR delA A wastA g <P nE

3 FAe ¥4 A AAdezs Ag=Ee A @2 g ool #elH 7lEe] ydel
wAsta gle] 20 aEHe #HolAH siwe] olFe] Ao AZbHY o W, o JE
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