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Diode-Laser Pumped Solid-State Lasers: Single
Frequency Operation and Frequency Stability

Lin Yueming

Shanghai Institute of Optics and Fine Mechanics, Academia Sinica
P.O.Boz 800-211, Shangha:

Abstract

Recent advances in the development of high-power semiconductor laser diodes
as pump sources for all-solid-state lasers have led to a revolution in solid-state laser
technology. Diode laser pumping has been used to develop highly efficient, compact,
reliable and intrinsically stable all-solid-state laser devices. It also provides for single
frequency operation of solid-state lasers. In this thesis, we review techniques for single
frequency operation of diode-laser pumped solid-state laser and frequency stabiliza-
tion. The designs and performance of the single frequency operation of solid-state
lasers have been accomplished by two method. Onme is end-pumped twisted-mode
cavity(TWC) Nd:YAG and the other is end-pumped Nd:YVOy, crystals which have
short absorption depth at the pump band and a narrow emission band. Frequency
tuning, stabilization and noises of a Nd:YVOy, laser have been demonstrated, and the

absorption spectrum of Cs; near 1064nm was calculated and measured.

We have designed, built and tested a compact, integrated, single-mode solid-
state Nd:YAG laser pumped by a semiconductor laser array. The laser’s major com-
ponents are mounted on a single aluminum base, and the diode laser and its beam
shaping optics are mounted on a separate stage . This compact and stable structure
provides good frequency stability. The slope efficiency was 23%, a instrument-limited
linewidth is 10MHz, the threshold is 276mW. The output power is 55mW. To our
knowledge, this is the first diode-laser pumped single-frequency solid-state laser in
China and also is the third TWC device after K. Walleroth’s research group and
J.Mlyneck’s in Germany.

Single-frequency output power of 155mW has been observed in 2% Nd: YVO,
pumped with 1W diode laser. The single-frequency operation is due to the spatial
overlap of longitudinal modes at the surface of a mirror in the laser cavity where
the material is pumped. The strong absorption coefficient at 809nm and narrow
bandwidth of the YVO, only allow a single laser mode to operate rather than short
overall length. Continuous-wave threshold of 226mW has been observed with slope
efficiency of greater than 33.8%.

The frequency tuning of the Nd:YVOy laser has been observed. By usirg a
piezoelectric transducer (PZT) to vary the cavity length, the laser emission frequency
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can be scanned.The tunable coefficient is 209.4MHz/V, the maximum tunable range
is 6.6GHz. Pump-power fluctuation is often responsible for a large portion of the
frequency fluctuation of the laser output. Pump-power modulation coefficient is -
10.1MHz/mW, which is in good agreement with the theoretical resuit. The tunable
rang is 3.3GHz. By heating the laser crystal, the laser can be tuned over 47 .4GHz,
without mode hopping, the tunable coefficient is -1.04GHz/°C. :

The Nd:YVO, laser has been frequency stabilized to a confocal Fabry -Perot in-
terferometer. In such approach, the reference cavity is modulated and the amplitude
modulation of the transmitted light is monitored with a phase sensitive detector. In
the free running case, the slow shift of the center frequency is 88.6MHz/s and the
jitter is 5MHz. In the locking case, the slow shift of the center frequency and the
jitter are 75.75KHz/s and 2MHz, respectively.

The behaviour of the power spectrum of diode-laser pumped Nd:YVOy laser has
been studied using a delayed self-herodyne interferometric technique. The linewidth
is 25KHz in one second sweep time. The relationship between the linewidth and
the cavity length was measured and 3dB spectral width as a function of laser cavity

length was also measured.

Molecular cesium has been studied for frequency-stabilization. The potential for
molecular cesium X' ¥} and A* .+ states have been calculated by RKR method. A
set of Frank-Condon factors for X state (V"=0-30)«— A state ( v'= 0-30) have been
obtained by solving radial schrodinger equation of nuclei. The absorption spectra
is demonstrated near 1064nm. We made Doppler-broaden absorption measurement.

The theoretical result is in excellent agreement with experimental one.
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Fig.1.1 Schematic of the laser diode, gradient-index
lens, and monolithic Nd:YAG oscillator.
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Fig.1.2 The NPRO laser design. Polarization selection takes place at the curved,
partially transmitting face (point A). At points B, C, and D, total internal reflec-
tion occurs. A magnetic field H is applied to establish unidirectional oscillation.
Magnetic rotation takes place along segments AB and DA. The focused pump
laser beam emerges at the same point.
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Fig.1.4 Optical layout of the MITMC laser. All parts are fixed by optical contact.
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Fig.1.7 Schematic diagram of the frequency- -stabilized diode-laser-
pumped microchip Nd:YAG laser system. LD, laser diode; OPT,
optics.
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Fig.1.8 Schematic diagram of the
dual laser-locking experiment using two
40mW, 1064nm, Lightwave Electronics
Model 120-03 NPRO’s independently
Pound-Drever locked in reflection to
adjacent axial modes(spaced 6.327GHz
apart) of a 22.000 Finesse Newport Inc.
Model SR-150-C interferometer.
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Fig.1.10 Experimental setup for locking the lasers to the Doppler-
free transition of iodine. PBS, polarizing beam splitter; AOM,
acousto-optic modulator; EOM, electro-optic modulator.
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Diode Laser Optics Output Coupler

T T

Fig.2.1 Schematic diagram of the match between pumping diode-
laser beam and laser cavity mode.

2 IS, RSE A RO R AR AR, WAREEE. BASEERE
MO, TREEREE S E RSN BT ERER. BARERFEN
g, AEAMKEMNLE NEMNEEEERAILMLEERENET. HF
RO I A S e i, R ERTEREFE T AE BROCE RN
FR A ARk, REEEBEN ZRERLP U 2RERK AE2E
REKEEEERMEREST, EERBERAERRENHENHNEA R
A4, AREEZEREBERERSENFASHERNZTALEMNE B
EREZEENGEREPRNAANBRESA, ERELEEERG ) RERNE
B, FTEREES (521 EREZSENER WAMAREE EFROEZEDS
fio JHLBHFIAZ &%ﬁ%%ﬁ@@ﬁ%ﬁﬁﬁ?%ﬁﬁfﬁ\ﬁ@%%ﬂ%
BHE, NEANRAEIHRAERRE.

§2.1.2 3 ¥ F £

2 B B S = AR DT AR 25 4 R 2 1 0 K LA PR AT T AR L
B, EWLEEANETHEANES B3 T ETENRN RS HEA
RS R, EEREEN TR N R AT A

AMERTEREEES—F, FTEERANTFTHEREEEMETHERH
BT, BhTFEBRNEEMSET RREEK H&REFwEM) HFLA
om, ETEXT RN EFEERIRENER LR, ATFEAERNEREERE
, AEB A BB A LR [ Stark 43 B, WFig.2.2 FARNEST B-FFEYAG F1 ) Stark 21 BB
o, EEAFEREMGEE TEHEEET, —BERERR REE L Stark 43
B [Al, BT 7E% Stark 41 2 [A] (14} BE 24 Boltzman 2375, A FEE R T (300K) 4F
AMEEAENTURBEREFHAEN., A% E LT RE LSSk 0 BIYERT,
HEHEH R,

B 25 ] P Sk B3 o FE— Stark 4 B MBR B o B 1 fE— Seack -
$10 10 JLEE 5 G, . 7). B G At T B Y B Co — ofms m S AR ATIE, ¢ Iy
oS, o B MR SR, S(ou,s) BRI MEORETEE, H

Cno‘S(:B,y,»z,t) = BbaP(I:y;z:t)v 4 %ﬁﬂﬁﬁﬁ%ﬁ@ﬁ, Bya %%E%ﬂ?\&o %ﬁﬂ& s

WM 2 BE S B AE—Stark AR B b BB AT —Stark SRR AN FULRERMFKN. B



o= [ WO 58 B B R .

11502 cm!
11414

|
|

4
Farz b.Np

1084nm

2526 e
2473

2148
2m

2029
2001

a,Ng

|
I

“In/z

Fig.2.2 Energy level diagram of the 1064nm Nd:YAG laser. The
levels of the upper and lower manifolds and their energies are
shown. The laser transition is noted by the heavy line. The
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by Np and N,, respectively. :
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Fig.2.5 The diagram of a “twisted-mode” laser resonator.
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Fig.2.6 Multimode spatial hole burning at the end mirror of a laser cavity:
(a)Intensity as a function of distance from the first oscillating cavity mode;
(b)modified population inversion in the laser medium at 10 times above threshold;
(c)intensity of a second cavity mode; (d)differential gain as a function of position
in the laser medium. The gain of the second laser mode is obtained by integrating
(d) over the absorption depth of the laser medium.
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Fig.3.1 Anamorphic prism pair beam expander.
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Fig.3.2 Schematic of the imaging system: view parallel to the plane of
the diode-laser junction (upper), and view perpendicular to the junction
plane (lower).
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Fig.3.3 Schematic diagram of diode-laser pumped Nd:YAG TWC laser
with end-pump geometry.
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Fig.3.6 The operating current of LD Fig.3.7 The absorption coefficient of
verus temperatures with the center wave- Nd:YAG versus the wavelength of LD
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Fig.3.8 The absorption coefficient of Nd:YAG Fig.3.9 Diode laser output power vs
versus LD pumping power. current with the center wavelength
808nm. ’

Fig.3.10 Optical spectrum of the diode-laser pumped Nd:YAG twisted-mode
cavity laser measured by a scanning confocal interferometer with 41 fineness
and 1.07 GHz free spectral range. a) with a polarizer; b) without a polarizer.
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Fig.3.11 The optical path offset by Brewster plates.

Fig.3.12 The schematic diagram of two beam laser’s coming out from
the cavity.
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Table 3.1 B4 36 L=o4mm % 11384 FR=35% B, AFEK
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WRE&HG| TP MB|FP LB EP B
Lip 0.77A 0.78A 1.08A
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Fig.3.13 Schematic of the relative position between pumping laser and

the quarter-wave plate(P1).
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(b) Esin2f = -1, A E Bk, AFEBATHEL=+3 N, B BER. WNEBHEE
=
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Fig.3.14 Output power versus absorbed pump power.
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Table 3.4 Laser Properties of Nd:YVO, crystals

Taser Material | Nd°" Density a la Ay, Av, o
(at %) (em™1) | (mm) | (GHz) | (am) | (1 X 10~ %cm?)
3 110 0.091
a~cut Nd:YVO, 2.02 72.4 0.1426 257 21 21~ 30
(m polarization) 1.5 50 0.20
1.1 311 0.32
Nd:YAG 1.1 8.5 1.176 177.5 10 6.8
§3.2.1 6 A% B E A IE

WAL ORISR, RAITEMIOLEREAETHE. LBEEWNFgs15
T BB A RS AFiess, N&YVO, B HUIEIR A, R R3mmx3mmx
1mm, SCRFEEREARKAK RS RER L ERMIRT M5 #iE
H. NAEFEYVO, BEFBEKE % ERK). EREEBANKN. HELER
809nm 1 3B (Tsoonm > 90%)1064nm & S (Rioeanm > 99-9%) B X5 B, HIEAENEE
IR — A B, SRR EEA 106am BB M OFBOGIRRENBES
R BRBEEL, L BB RAREREL KN T E, HANGYVO, HEAR
W e &b F800nm b, BLTESERSSBALD f TIERE R ER R FETies.0 WIS H
LEHEEM4oC,

EhaRERENTEME, i REaEM EHE¢30mm i F4100mm §
FIU4E, 275 1064nm b B R B 2R Hr00.3%, WO EEK AT PAZE Mk, B BOGIETREIFSR =
LOTGHz, 540 5 7 =100 R 3T 3E 4 F 3 AL (I F-P ) B30 SOk AR, BOER
Hhgi, BABNBHNREELRALTmW, IFies.16 Fix, HEEK 10mm,
598 T 22 660mw, Bt K 25 4 1 T B W] Yk 28 1w, SRR FR40.8%, FLYHIE th T F
WEEEEEES BEEAFRRLEERN. BENNEEEERNRELER
K, PR (3.52) Bw, =130pm, T K I H 200sm x 1pm FH ZRELIHFBEF
8 J5 Y B 7 3L {1 300um x 100pum,
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LD 11 e 4 T i

Laser resonato

Fig.3.15a The schematic diagram of diode-laser pumped Nd:YVO,
laser. LD: phase-locked CW 1W diode laser array. L; and L; are colli-
mating and focusing lens, respectively. C: 2% doped Nd:YVO, crystal
with dimension 3mm x 3mm X lmm. M is a output coupler.

Fig.3.15b The photograph of the setup.
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Fig.3.16 Output power of Nd:YVO, laser at 1064nm as a function of
absorbed pumping power. MLM: in plane-concave cavity case; SML: in
plane-plane cavity case.
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Fig.3.17 The relationship between the reflectivity of output cavity mir-
ror and absorbed pumping threshold power. In the case of plane-plane
~ cavity, cavity length is 35.42mm.
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T, Na:YVO, By i Th #E155mw, ] {8 226mw, B} E R #33.8%.
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Na:YVO, SikBI FRER B = oous, BRI BE RNEYAG K27 £,
NAd:YAG £4.6x107°cm?, T BANA:YVO, o = 12.42x107%em? ;. wp = 150um, BEF-FE
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Fig.3.18 Optical spectrum of single-mode
operation at 1064nm measured by using
a sanning confocal interferometer.
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Fig.3.19 Intensity profiles of the ~singlefzr'n‘6d.e éutpﬁt from Nd:YVOq4
lasers. A. a 3-D contour of the intensity; B.'a 2-D contour of the far-
field spatial profile. - 0
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Fig.3.20 The experimental setup for frequency tonable Nd: Y"VO4.V
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Fig.3.21 The relationship between oscillation frequency and the voltage applied
on PZT at ambient temperature. Cavity length 1.=34.22mm. Tuning coefficient
is 142MHz/V and tuning range up to 4.2GHz without mode hopping.
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Intrinsic gain of Nd:YV04 medium over 250GHz
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cavity modes.
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Fig.4.8 Schematic diagram showing spectral density of frequency
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Fig.4.10 The signal at the output of a lock-in detector obtained in the
following measurements:1) locked to FP; 2) free running.
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8 %2 B 21min

& % 3Lk
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Fig.5.1 Measurement methods of frequency fluctuationl54l. (a) Measur-
ing the beat signal between two independent lasers. (b) Using Fabry-
Perot interferometer. (c) Using an optical fiber as a delay line. (2)
and (b) are used for measuring the power spectral density of FM noises
and the field spectral profiles, respectively. (c) is for the field spectral
profile.
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Fig.5.2 Measurement method of frequency fluctuation using an
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Fig.5.3 Experimental setup for measuring the linewidth of a
diode-laser pumped Nd:YVOy.
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Table 5.1 Y& £ £ 3 K.
NFRE | FANXRTHER | FRRHINE 1 #
SM—10/125 1340uW 290uW -5.8dB/Km

P HPBEE) L £ 5 051-86-02,

Fig5.4 275 I 457 L3 55 20 R 10KH: B IRZE B I B ZHME. BOtRK
L=57.48mm, —fR & TAEHB FI=1.41A, FHHE N1 EER5E, BOESR 5% h25KHz,
Fig5ss BRE—ERHIEMW) TAREKSRENRR, BHEXRFZERNE
B, BFEAS /D, Figs6 FRTERK L=4176mm TR BB EREHAIRR. WH
AR, SEFS, XERELEWSHB H@n) TH BOERE MET R

2ahf(Af)? Ny
- Po Nz - N]_ -

of (5.34)
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Fig.5.4 Self-heterodyne beat spectra displayed on the spectrum analyzer
with a resolution bandwidth of 10KHz. The sweep time is one second.
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Fig.5.5 Measured 3dB spectral width as Fig.5.6 Measured 3dB speciral width as
a function of laser cavity length. The a function of laser output power. The
output power is 6mW. cavity length is 41.76mm.
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WEEE, HG10) R, BOGRIBRN MAHE

%5:) (5.35)

SRR, B, EFURERARE BRI R S AL

aetd) (5.36)
D, HFP, R EHRALER, B30 RHBOKES (ECLC, 100MHs JEH BUKAR)
WS, B4y BT AN (Tecktronix 405P) HIl 8 MU AE (K5 B MITh BB H B, MR
OeE B RN EIEHE, Lhh, /RN A KTP, K B 6% FSR=05357GHz,
s 4 B 7=100 [ 3T 34 TP; FP, ARSI S E I, H B B6IEE B FRS=1.0714GHz, X540
F=12.5, WBRETETFP, FPIT WERME, FHOCHMELTREZKHNER
EaA . MTEORSEEEETN, BOtHRERMREEUBBIFP /LB,
IR O R G AR AT, BT SRR R R E T EOb S R 8 WA T
RIEFE, :

w(t) =wo +

V(t) = Dy(wo +

Fig.5.8 Power spectral density of the signal from the photodiode D.
Upper trace: the laser was locked to FP2; down trace: the background
noise of the measuring system.
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FE5KHz A F o LB HAREFP, 1D, 766.20mV/MHz, Tl & i 551 1% 4 73 $¥ F 3 52 100Hz,
B 5 58] inFig.5.9 FTR MR R B = L.
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Fig.5.10 Intensity noise power spectrum density of the single
frequency Nd:YVOyq.
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Fig.5.11 Schematic diagram of measuring the noise of the
reflecting intensity.
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Fig.5.12 Power spectral density of the reflecting intensity and
the system background. Upper trace: reflecting intensity;
down trace: the system background.
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¥ig.5.13 The square root of the Allan variance.
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Fig.5.14 The photograph of the experimental setup for mea-
suring the linewidth of a diode-laser pumped Nd:YVOy,.
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Bz, mERESHEEAGHEES AEEE KNTREMEE, 4N
merov 77 B B4 B (6.20), BRI B (621) R, BEARIEMEE, FD(E) A—KERE
TRk BH B HBWHEDE®< K1k, AT A HR A B
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Cs, S FHEX Y, AT E&EEBT, R PR e -
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Av=0,+1,%2, -

BT BRATT 26 0 B 2 1.06pm KRB0 A TR MBI 3, B HH A B S iR R 1R i U o
EFTHE M B AE 106pm RIRPY, SAJE T H 5 AH BE BRAE BB 2 9 Frank-Condon B,
B )5 B 4 A BRIE B i R 3R 15 B L.o6um (K IB Cso I IR IO 4 K o

.23 I HER

R EHEX BMA AP0 R 2 B A M Raabliel A Vergesl! S M50 T
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Table 6.1 Dunham type coefficients for the XIE;’ state of Csz molecule. All

values are given in cm™ .

1

1 Yio Y Yi2 Yis Yi4

0 1174343102 | -3.7280x10~° | 2.515x10~ ™ [ -1.1783x10~*°
1 42.019363 -2.90994x10~5% | -1.723x10~1! | -2.202x1071¢ | 2.920x10~%
2 | -8.19020x1072 | -9.091x1073 -0.52x10~13 | 0.943x1071% | -1.345x 10722
3| -9.057x107° -4.246x1071° | .4.946x10715

4| -3.220x1077 -4.197x10712

5| -5.746x107°

Table 6.2 Dunham type coefficients for the A’ state of C'sz

molecule. All values are given in cm™’.

1 Yo Y, Yo Yis

0 9627.06 0.0469%x 103 | 1.979x10~9 | 1.81x101°
1 36.122 1.77x10™% | 1.05x10~

2 0.3638 2.48x10®

3| -1.211x1072 | -3.11x1077

41 0.1306x1073 | 1.18x107%

5 -1.54—10

ARSI E(Y), BOEEMENSRENE. KR5S Blosum JE N = REAHE
{Er(U) 1BF| Fig.6.2 P B RUE), ARESES, RMAENAREBIF. B
FR(6.17). (6.20) F(6.21) KBRMFEEE, WM KBINFKes, o4 K65 FR
6.6 i 7% ff] Frank-Condon [ F. A BB B TH £E0 Bso ZE, X HH" FEo
B30 7 [A], Fig.6.3 3278 H7 55 % P\ 9280cm = B 9750em 1 [ I I 35 BT 48 B W Wi ot 1%
Fig.6.4 32715 J7 55 2 M 9392cm—* B 9396cm= [X I, #Y Cs, S F IR W,

§6.3 % W Ot T KO W &=

B T Csy 4% T 7 1064nm FHE B OEERSE, —EHRARRA NSRS RF
BRI S R 4 EEF-P bl S r R RER L. RITRAWAE R
EEEE: Q) ASMERESBE, FieE s aom RENMMTES. EIRTRE
HFR, FHENEENEIERERFEAMARESFEFNREAR, AR
BRALANERK. 2 BAARREOLE. EREMBEERREZE, Ak
RS LK EE Rl BASEDEEERSEL, FREREEME, BTN
Fig.6.5 P BISCIO 3 E, Figes FELBREEMNEA. B HNALE—2R
=, BB IAENEREABIEOEEITER, 5 BARNERIOLE,
{8 P B I 6 3 B 25 B Burleigh 24 B A WA-20 B K M. FPORILAETH THM K
W F=100, [ Y6 E FSR=0.535CHz, FIXC14A kv & A4 2% 2 il R P O BE Bl
B Y8 AOQ-40-I(_I- Y5 T S 6B R BF 2 B ) FIEG&G Model 5210 BIAHB K AF, T B =K
3730KHz, Csy W U3t B 4% 425mm & 100mm, F i BB BUR. EB L ERE N
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Fig.6.1 The calculated molecular cesium RKR
potentials, (U). Where potential energy U is
equal to O at the equilibrium position for A
and X state. The radial coordinate ranges

from 0.387 to 0.628nm, while the potential
-1

reaches nearly to 1900cm
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Fig.6.3 The absorption spectrum of molecular
cesium in the frequency range from 9280cm ™1
to 9750cm™ 2.
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Fig.6.2 The potential after interpolation onto
the range from 0.3 to 0.8nm, where zero en-
ergy is now at the dissociation limit. Now the
potential range is -5,100 to 210,397cm ™.
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Fig.6.4 The absorption spectrum of molecular
cesium in the frequency range from 9392cm™1!
to 9396cm ™.
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Table 6.3 Franck-Condon factors for the Cs; XX} « A'YY band system.
4y’ " o
0 1 2 3 4 5 6 7 8
0 2331E-06 | .3893E-05 | .3265E-04 | .1811E-03 | .7412E-03 | .2374E-02 6183E-02 | .1347E-01 | .2508E-01
1 .4475E-05 6363E-04 | .4487E-03 | .2063E-02 .6880E-02 | .1760E-01 | :3576E-01 .5896E-01 | .8004E-01
2 4180E-04 | .4993E-03 | .2900E-02 .1076E-01 .2818E-01 .5467E-01 | .8016E-01 | .8868E-01 | .7158E-01
3 9546E-03 | .2495E-02 | .1164E-01 | .3357E-01 | .6533E-01 | .8777E-01 7888E-01 | .4110E-01 .| .6175E-02
4 1128E-02 | .8884E-02 | .3217E-01 | .6833E-01 | .8983E-01 | .6862E-01 .2150E-01 | .1070E-03 | .2287E-01
5 387TE-02 | .2384E-01 | .6388E-01 | .9155E-01 | .6648E-01 | .1393E-01 .83746E-02 | .3871E-01 | .5143E-01
[} 1075E-01 | .4968E-01 | .9168E-01 | .7478E-01 | .1520E-01 | .5885E-02 4583E-01 | 4521E-01 | .7102E-02
7 9460E-01 | .8133E-01 | .9163E-01 | .2693E-01 | .3364E-02 | .4684E-01 4249E-01 | .2334E-02 | .1744E-01
8 ATTOE-01 | .1041E+00 | .5599E-01 | .1220E-05 | .4129E-01 | .4665E-01 .1982E-02 | .2264E-01 | .4256E-01
9 7806E-01 | .1011E400 | .1217E-01 | .2472E-01 .5624E-01 5656E-02 | .2117E-01 | .4281E-01 | .4691E-02
10 | .1124E+00 | .6859E-01 | .2108E-02 | .6019E-01 | .1960E-01 | .1259E-01 .4607E-01 | .5391E-02 | .1821E-01
11 | .1388E+00 | .2487E-01 | .3450E-01 | .4988E-01 .1209E-02 4780E-01 | .1199E-01 | .1543E-01 | .3759E-01
12 | .1402E+00 | .4866E-03 | .6954E-01 | .9931E-02 | .3514E-01 | .2930E-01 .6858E-02 | .4131E-01 | .2616E-02
13 | .1399E+00 | .1424E-01 | .6412E-01 .4899E-02 .5286E-01 \1592E-04 | .4221E-01 | .8640E-02 | .2022E-01-
14 | .1146E+400 | .5724E-01 | .2482E-01 | .4336E-01 | .1904E-01 | .2743E-01 .2556E-01 | .1049E-01 | .3487E-01
Y 15 .8161E-01 | .1002E+00 | .6985E-04 | .6388E-01 1176 E-02 4839E-01 | .2225E-03 | .4103E-01 | .1587E-02
16 5071E-01 | .1171E+00 | .2117E-01 | .3503E-01 | .3496E-01 | .1587E-01 | .3103E-01 .1465E-01 | .2082E-01
17 2687E-01 | .1047E+00 | .7354E-01 | .1204E-02 | .5904E-01 | .3575E-02 | .4095E-01 S5577TE-02 | .3469E-01
18 1215E-01 | .72908E-01 | .1095E+-00 | .1920E-01 | .2716E-01 | .4289E-01 | .4489E-02 4110E-01 | .1451E-02
19 4577TE-02 | .4054E-01 | .1062E+00 | .7486E-01 | .2003E-04 | .5050E-01 | .1519E-01 | .2389E-01 .2244E-01
20 1380E-02 | .1782E-01 | .7409E-01 | .1115E+00 | .3487E-01 | .1015E-01 | .5167E-01 | .8112E-03 .3821E-01
21 3196E-03 | .6023E-02 | .3820E-01 | .1004E+4-00 | .9580E-01 | .9330E-02 | .2855E-01 3734E-01 | .3065E-02
22.4| 879E-04 1463E-02 | .1431E-01 | .6002E-01 | .1149E+00 | .7222E-01 | .3095E-03 | .4161E-01 | .1982E-01
23 .3222E-05 .2158E-03 | .3618E-02 2509E-01 | .8201E-01 |.1194E+400 | .4993E-01 | .2018E-02 | .4568E-01
24 1340E-07 | .9952E-05 | .4973E-03 | .6487E-02 | .3672E-01 | .9988E-01 | .1182E+00 3269E-01 | .8239E-02
25 2281E-06 | .8010E-06 | .1170E-04 | .7806E-03 | .9499E-02 | .4792E-01 | .1147E+00 .1147E+00 { .2081E-01
26 . 9896E-07 | .2081E-05 | .8230E-05 | .3202E-05 | .9518E-03 | .1207E-01 | .5794E-01 .1274E4-00 | .1114E+4+00
27 .1106E-07 | .6411E-06 | .8923E-05 .3672E-04 | .4846E-05 .8002E-03 | .1378E-01 | .6642E-01 | .1389E+-00
28 .4503E-10 3400E-07 | .1877E-05 | .2430E-04 | .1080E-03 | .7476E-04 | .6130E-03 | .1436E-01 | .7316E-01
29 1014E-08 | .7908E-08 | .1508E-07 | .3119E-05 | .4751E-04 | .2392E-03 | .2988E-03 | .2452E-03 .1375E-01
30 3825E-00 | .1280E-07 | .9742E-07 | .5881E-07 | .2778E-05 | .6979E-04 | .4261E-03 | .7602E-03 .8113E-05
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Table 6.4 Franck-Condon factors for the Cs; XX} «» A’} band system (Continued).
4" o
9 10 11 12 13 14 15 16 17

0 | .4070BE-01 | .5853E-01 | .7577E-01 | .8921E-01 | .9708E-01 9847E-01 | .9407E-01 | .8528E-01 | .7384E-01
1 | .0007E-01 | .8376E-01 | .6310E-01 | .3645E-01 | .1355E-01 | .1362E-02 .1583E-02 | .1157E-01 | .2644E-01
2 | .3775E-01 | .8417E-02 | .3788E-03 | .1398E-01 | .3566E-01 | .4991E-01 | .4914E-01 .3583E-01 | .1826E-01
s | 3283E-02 | .2788E-01 | .4976E-01 | .4713E-01 | .2500E-01 | .4538E-02 | .9550E-03 | .1341E-01 .3014E-01
4 | .5047E-01 | .4380E-01 | .1440E-01 | .1375E-04 |.1367E-O1 | .3484E-01 | .3967E-01 .2544E-01 | .7181E-02
5 | .2120E-01 | .4225E-05 | .1746E-01 | .4024E-01 | .3388E-01 | .1005E-01 | .1462E-03 | .1266E-01 | .2981E-01
6 | .7102E-02 | .3736E-01 | .3621E-01 | .8152E-02 |.2109E-02 | .2317E-01 | .3540E-01 .2238}‘5—01 .3689E-02
7 | .4320E-01 | .1967E-01 | .1411E-03 | .2154E-01 | .3635E-01 | .1751E-01 | .1971E-03 | .1052E-01 .2848E-01
8 | .8658E-02 | .7044E-02 | .3546E-01 | .2463E-01 | .7308E-03 | .1223E-01 | .3168E-01 | .2234E-01 .2660E-02
9 | .1500E-01 | .3783E-01 | .1041E-01 | .4030E-02 | .2983E-01 | .2515E-01 | .2101E-02 | .7482E-02 | .2682E-01
10| .3666E-01 | .3446E-02 | .1427E-01 | .3367E-01 | .9095E-02 | .3513E-02 | .26538E-01 | .2380E-01 =2775E-02
11 | .1620E-02 | .2141E-01 | .2988E-01 | .1096E-02 | .1635E-01 | .2984E-01 | .6541E-02 | .4101E-02 .2479E1}-01
12 | .2354E-01 | .2699E-01 | .6001E-04 ..2600E-01 .2188E-01 | .2645E-07 | .1940E-01 | .2567E-01 | .3794E-02
13 | .2854E-01 | .4804E-03 | .3036E-01 | .1420E-01 |.3496E-02 | .2847E-01 | .1331E-01 | .1222E-02 | .2214E-01
14 | 5497E-04 | .3176E-01 | .1118E-01 | .8478E-02 | .2967E-01 | .3880E-02 | .1086E-01 | .2680E-01 | .5848E-02

v' 115 | .3008E-01 | .1306E-01 | .1027E-01 { .2890E-01 | .5852E-03 | .1998E-01 | .2087E-01 { .1015E-05 | .1844E-01
16 | .2160E-01 | .7101E-02 | .3028E-01 | .1609E-03 | .2429E-01 | .1472E-01 | .2724E-02 | .2549E-01 | .9859E-02
17 | .2107E-02 | .3369E-01 | .3202E-03 | .2699E-01 |.1062E-01 | .8349E-02 | .2605E-01 | .1593E-02 | .1409E-01
18 | .3480E-01 | .3316E-02 | .2584E-01 | .1156E-01 |.1088E-01 | .2450E-01 | .1468E-05 | .2216E-01 | .1345E-01
19 | .1559E-01 | .1896E-01 | .1778E-01 | .9456E-02 | .2509E-01 | .4481E-03 | .2585E-01 | .6596E-02 | .8898E-02
20 | .5236E-02 | .2088E-01 | .4092E-02 | .2804E-01 | .3050E-03 | .2758E-01 | .3533E-02 | .1538E-01 | .1339E-01
21 | .3869E-01 | .5534E-04 | .3348E-01 | .1856E-03 | .2856E-01 | .3360E-02 | .1886E-01 | .1432E-01 | .3379E-02
22 | .1412E-01 | .2888E-01 | .5781E-02 | .2655E-01 | .6510E-02 | .1913E-01 | .1340E-01 | .7203E-02 | .2276E-01
23 | .6842E-02 | .2566E-01 | .1604E-01 | .1608E-01 |.1507E-O1 | .1667E-01 | .7914E-02 | .2225E-01 | .5019E-03
24 | 4248E-01 | .7138E-03 | .3293E-01 | .57E-5902 | .2494E-01 | .5172E-02 | .2437E-01 | .1013E-02 | .2487E-01
25 | .1491E-01 | .3519E-01 | .5372E-03 | .3473E-01 | .5981E-03 | .2012E-01 | .3417E-03 | .2643E-01 | .5813E-03
26 | .1321E-01 | .2008E-01 | .2648E-01 | .4267E-02 | .3190E-01 | .5396E-03 | .2810E-01 | .9977E-03 .2303E-01
27 | .1094E400 | .8580E-02 | .2317E-01 | .1817E-01 | .9863E-02 | .2619E-01 | .4148E-02 | .2324E-01 | .5526E-02
28 | .1498E+00 | .1092E+00 | .5877E-02 | .2427E-01 | .1118E-01 | .1576E-01 | .1935E-01 | .9542E-02 | .1655E-01
29 | 7802E-01 | .1604E+00 | .1108E+-00 | .4377E-02 | .2376E-01 | .5924E-02 | .2094E-01 | .1278E-01 | .1504E-01
30 | .1207E-01 | .8090E-01 | .1709E-400 | .1141E+00 | .3638E-02 | .2204E-01 | .2427E-02 | .2491E-01 | .7352E-02
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Table 6.5 Franck-Condon factors for the Csy X' X} > A'E7 band system (Continued).
4y’ v
18 19 20 21 22 23 24 25 26
0 | .6137E-01 | .4913E-01 | .3799E-01 | .2841E-01 | .2055E-01 .1439E-01 | .9762E-02 | .6420E-02 | .4108E-02
1 | .4135E-01 | .5276E-01 | .5892E-01 | .5965E-01 | .5583E-01 | .4889E-01 .4039E-01 | .3167E-01 | .2371E-01
2 | .4742E-02 | .3838E-06 | .4374E-02 | .1501E-01 | .2775E-01 | .3878E-01 .4562E-01 | .4746E-01 | .4491E-01
3 | .3943E-01 | .3670E-01 | .2501E-01 | .1129E-01 | .1994E-02 | .3387E-03 .5796E—02 .1529E-01 | .2505E-01
4 | .1248E-04 | .7304E-02 | .2149E-01 | .3212E-01 | .3308E-01 | .2503E-01 .1326E-01 | .3750E-02 | .2339E-04
5 | .3207E-01 | .2076E-01 | .5649E-02 | .3802E-04 | .6717E-02 | .1926E-01 .2866E-01 | .2969E-01 | .2300E-01
6 | 1766E-02 | .1570E-01 | .2824E-01 | .2605E-01 | .1451E-01 | .2684E-02 | .5792E-03 .8329E-02 | .1927E-01
7 | 2746E-01 | .1076E-01 | .1240E-03 | .6303E-02 | .2015E-01 | .2661E-01 .2639]‘:—01 .8306E-02 | .5667E-03
8 | .3939E-02 | .2073E-01 | .2721E-01 | .1580E-01 | .2182E-02 | .1811E-02 .1319E-01 | .2334E-01 | .2300E-01
9 | .2372E-01 | .5335E-02 | .1205E-02 | .1484E-01 | .2481E-01 | .1827E-01 4788E-02 | .2105E-03 | .8025E-02
10 | .5233E-02 | .2307E-01 | .2324E-01 | .6950E-02 | .2990E-03 | .1108E-01 .2220E-01 | .1919E-01 | .7T128E-02
11 | .2162E-01 | .2672E-02 | .4370E-02 | .2056E-01 | .2188E-01 .T425E-02 | .6586E-04 | .8842E-02 | .2000E-01
12 | .5452E-02 | .2378E-01 | .1894E-01 | .2013E-02 | .4373E-02 | .1908E-01 .2022E-01 | .7163E-02 | .1238E-04
13 | .2084F-01 | .1504E-02 | .7480E-02 | .2301E-01 | .1585E-01 | .1123E-02 4974E-02 _.1826E-01 .1861E-01
14 | 4721E-02 | .2362E-01 | .1544E-01 | .1735E-03 | .1004E-01 | .2198E-01 .1246E-01 .3‘760E-03 .5896E-02
v' 15| .2112E-01 | .1166E-02 | .9567E-02 | .2310E-01 | .9965E-02 | .1784E-03 .1260E-01 | .2030E-01 | .9266E-02
16 | .2741E-02 | .2243E-01 | .1378E-01 | .2737E-04 | .1390E-01 | .2059E-01 .5612E-02 | .1238E-02 .14&4E—0_1
17 | 2196E-01 | .1194E-02 | .1093E-01 | .2215E-01 | .5358E-02 | .2827E-02 | .1850E-01 | .1576E-01 .1533E-02
18 | .1721E-02 | .2214E-01 | .1172E-01 | .7827E-03 | .1798E-01 | .1645E-01 | .7120E-03 | .7807E-02 .1937E-01
19 | .2308E-01 | .1716E-02 | .1122E-01 | .2090E-01 | .2554E-02 | .6766E-02 | .2044E-01 | .8732E-02 .3557E-03
20 | .3921E-03 | .2093E-01 | .1137E-01 | .1490E-02 | .1961E-01 | .1206E-01 | .1643E-03 .1427E-01 | .1727E-01
21 | .2370E-01 | .2830E-02 | .1078E-01 | .1991E-01 | .1064E-02 | .1050E-01 | .1920E-01 .3018E-02 | .4685E-02
29 | 4817E-04 | .1921E-01 | .1186E-01 | .1936E-02 | .2029E-01 | .8331E-02 | .2062E-02 | .1823E-01 1129E-01
23 | .2324E-01 | .4771E-02 | .9693E-02 | .1940E-01 | .3822E-03 | .1342E-01 | .1629E-01 .2801E-03 | .1087E-01
24 | .1453E-02 | .1675E-01 | .1313E-01 | .2021E-02 | .2051E-01 | .5584E-02 | .5005E-02 .1916E-01 | .5175E-02
95 | .2003E-01 | .7772E-02 | .8056E-02 | .1941E-01 | .1217E-03 | .1552E-01 | .1297E-01 | .3004E-03 .1574E-01
26 | .5238E-02 | .1341E-01 | .1512E-01 | .1755E-02 | .2059E-01 | .3728E-02 | .8075E-02 | .1790E-01 -1244F-02
27 | .1640E-01 | .1192E-01 | .5971E-02 | .1993E-01 | .4564E-04 | .1696E-01 | .9939E-02 | .2124E-02-| .1810E-01
28 | .1158E-01 | .9251E-02 | .1772E-01 | .1223E-02 | .2073E-01 | .2567E-02 | .1082E-01 | .1546E-01 .9070E-07
20 | .0034E-02 | .1709E-01 | .3644E-02 | .2089E-01 | .4146E-04 | .1794E-01 | .7465E-02 | .4841E-02 .1809E-01
30 | .19048E-01 | .4683E-02 | .2078E-01 | .5824E-03 | .2103E-01 | .1911E-02 | .1307E-01 | .1261E-01 .9710E-03
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Table 6.6 Franck-Condon factors for the Css X's} « AL band
system (Continued).

9" v
27 28 29 30

.2572E-02 | .1589E-02 | .9786E-03 | .6085E-03
.1707E-01 | .1193E-01 | .8180E-02 | .5565E-02,
.3942E-01 | .3260E-01 | .2579E-01 | .1980E-01
.3221E-01 | .3552E-01 | .3526E-01 | .3251E-01
.2218E-02 | .8089E-02 | .1479E-01 | .2024E-01
.1309E-01 | .4728E-02 | .4840E-03 | .4220E-03
.2623E-01 | .2616E-01 | .2048E-01 | .1271E-01
.1877E-02 | .9620E-02 | .1794E-01 | .2246E-01
.1386E-01 | .4069E-02 | .1567E-04 | .2537E-02
.1892E-01 | .2293E-01 | .1811E-01 | .9316E-02
.8200E-04 | .4062E-02 | .1360E-01 | .2015E-01
.1957E-01 | .9494E-02 | .1077E-02 | .1151E-02
.7T285E-02 | .1798E-01 | .1970E-01 | .1216E-01
.6786E-02 | .1732E-05 | .5613E-02 | .1540E-01
.1772E-01 | .1744E-01 | .6902E-02 | .1169E-03
.3826E-04 | .6577E-02 | .1700E-01 | .1691E-01
.1827E-01 | .7279E-02 | .2011E-05 | .6000E-02
.4107E-02 | .1622E-01 | .1589E-01 | .5045E-02
.1049E-01 | .1130E-03 | .6486E-02 | .1646E-01
.1262E-01 | .1756E-01 | .6163E-02 | .1200E-03
.2656E-02 | .3184E-02 | .1539E-01 | .1456E-01
.1815E-01 | .1105E-01 | .1358E-08 | .6721E-02
.2147E-04 | .1123E-01 | .1699E-01 | .5454E-02
.1755E-01 | .3261E-02 | .2932E-02 | .1514E-01
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24 | .3040E-02 | .1711E-01 | .1084E-01 | .6175E-04
25 | .1247E-01 | .3560E-05 | .1072E-01 | .1627E-01
26 | .8749E-02 | .1715E-01 | .3186E-02 | .3266E-02
27 | .6405E-02 | .2395E-02 | .1645E-01 | .9856E-02
28 | .1401E-01 | .1254E-01 | .1685E-05 | .1099E-01
29 | .1941E-02 | .7871E-02 | .1640E-01 | .2499E-02
30 | .1717E-01 | .6584E-02 | .2468E-02 | .1610E-01
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Table 6.7 B WOIER W HE S HEE S LRAE K.

HEN) |ERHE A (T | KB EMH (o
1 0395.389 0395.389
2 9395.393 9395.398
3 9395.410 9395.410
4 9395.437 9395.434
5 9395.455 9395.460
6 9395.477 9395.470
7 9395.502 0395.508
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@ AB T ER R Y SR MEN R, EERTARSE REES
LB ST R R R E, H S-S E TSR N Avp = T7.163 % 1077(Z) 200, X}
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Fig.6.7 Experimental absorption spectra of molec- Fig.6.8 The part of the spectrum shown
ular cesium vapor in the frequency tuning range of in Fig.6.4 on expanded frequency scale.

the Nd:YVO, laser, near 1.064um. The frequency
scale is 1.59GHz/div.
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1. BEX'Sr MA'SE 5K Dunham R, T FI 7 (6.16) F(6.13) R E AN EAE
Hy£8r(U), 330 126 $0 88 3 fFFXPOT.DAT FIFAPOT.DAT .

program PTGF1

c By use of data of J.Verges and M.Raab (M.Raab’s X data of 9/9/1981,
c J.Verges® A state of 5/25/1987), finds turning points of
c potential curve by Rydberg-Klein-Rees method, transforming the
C integral to remove the singularity. Calculations are done by
c subroutines SRGF and SREK, and by functions FREI and FRKI. Then
c stores the potential and internuclear separation in files FXPOT.DAT
c (X-band) and FAPOT.DAT(A-band) respect to U=0 at the equilibrium
c position, as usal. FREI calculates G(V), FRKI calculates B(V).
double precision VX,DV,V(148),U(297) ,FREI,F,G,5(297)
VX=49.5D0
N=148
N2=N+1
J=1
7 DV=VX/ (N-5)
Vv(1)=DV/6.D0
po 8 1=2,5
8 V(I)=V(I-1)+V(1)
DO 9 I=6,N

9 V(I)=(I-5)*DV

10 D0 30 I=1,N
U(N2-I)=FREI(V(D),D)
U(N2+I)=U(N2-I)
CALL SRGF(V(I),J,F,G)
S(N2-I)=1.D8* (DSQRT (F*F+F/G) -F)
S(N2+I)=1.D8+% (DSQRT (F+F+F/G) +F)

30 CONTINUE

c S(N2)=RO=(R AT U=0). RO=1.D8*SQRT (H/ (8*PI**2*MU*C*BE))
c MU=REDUCED MASS, BE=ROTATIONAL CONSTANT, RO IN ANGSTROMS
U(N2)=0.D0 :

60 TO (50,60), J
50 S(N2)=4.634354663D0
OPEN (20, FILE="FXPOT.DAT")
WRITE(20,65) (S(i),U(i),i=1,2*N+1)
close (20)
J=2
VX=29.5D0
GO TO 7
‘60 S(N2)=5.276799471D0
OPEN (30, FILE="FAPOT.DAT’)
WRITE(30,65) (S(i),U(i),i=1,2*N+1)
65 format (1x,2f13.5)
CLOSE(30)
STOP
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40

50

60

70

80

90

END

SUBROUTINE SRGF(A,J,FR,GR)

Does integrals for RKRR, finding turning points of the potential
curves. See Zare,UCRL-10925(univer. of Cal. radiation Lab REPT.)
This uses Romberg integration and note also that a factor(I’-I)
has been removed from the SQRT, and a substitution K’2=1'-1I is
used to remove the singularity from the intergral. See work of
6 July 75. Corrected for A=vibrational quantum number V+0.5
DOUBLE PRECISION A,TA.E,F,s,R(17,17),T(17,17),D1,D2,P1,P2,G,
¢D,FR,GR,C

TA=DSQRT (A)

STARTING ROMBERG INTEGRATION

C=.5D0

CALL SREK(E,F,A,0.D0,J)

T(1,1)=C/DSQRT (E)

R(1,1)=F+T(1,1)

CALL SREK(E,F,A,TA,J)

S§=C/DSQRT (E)

T(1,1)=T(1,1)+S

R(1,1)=R(1,1)+S*F

CALL SREK(E,F,A,TA*.5D0,J)

8=C/DSQRT (E)

T(2,1)=S+C*T(1,1)

T(2,2)=(4.D0*T(2,1)-T(1,1))/3.D0

R(2,1)=S*F+C*R(1,1)

R(2,2)=(4.D0*R(2,1)-R(1,1))/3.D0

P1=1.6D1

P2=P1

J1=0

J2=0

D0 180 I=3,17

C=C+*.5D0

D=C*TA

T(I,1)=.5D0*T(I-1,1)

R(I,1)=.5DO*R(I-1,1)

DO 40 K=0,2.%x(I-2)-1.

G=D*(2.%K+1.)

CALL SREK(E,F,A,G,J)

S=C/DSQRT (E)

T(I,1)=T(I,1)+8

R(I,1)=R(T,1)+8%F

CONTINUE

D=1.D0

p0 50 K=2,I

D=4.D0*D

T(I,K)=(D*T(I,K-1)-T(I-1,K-1))/(D-1.D0O)
R(I,K)=(D*R(I,K-1)-R(I-1,K-1))/(D~-1.D0)

CONTINUE

IF(J1) 110,60,110
D1=(T(I-1,1)-T(1-2,1))/(T(1,1)-T(I-1,1))-4.DO

IF (DABS(D1/P1)-1.D0) 70,70,90

P1=D1

IF (DABS(T(I,I)-T(I-1,I-1))-1.D-12*T(I,I)) 80,80,120

I1=1

GO TO 100

I1=1-1
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100  J1=t

110 IF(J2)220,130,220

120 IF(J2)180,130,180

130 D2=(R(I-1,1)-R(I-2,1))/(R(I,1)-R(I-1,1))-4.D0
IF (DABS (D2/P2)-1.D0) 140,140,160

140 P2=D2
IF(DABS (R(I,I)-R(I-1,I-1))-1.D-12%R(I,I)) 150,150,180
150 I2=I
GO TO 170
160 I2=I-1
170 J2=1

IF (J1) 220,180,220
180  CONTINUE
IF(J1) 200,190,200

190 I1=17
200 IF(J2)220,210,220
210 I2=1T7

220 FR=1.004423221d-8+T(I1,I1)*TA
GR=3.982385033d+8*R(I2,12)*TA
RETURN
END

SUBROUTINE SREK(E,F,A,B,J)
Calculates denominators for F and G integrals and numerator for
G (Rydberg-Kiein-Rees), with removal of factor SQRT(I’-I) from
denominator, and swicth of variables to K’2=I'-I. This removes
the singularity, and away we go ! (x=K’'2, Y=I'-k’2=I)
double precision E,F,A,B,X,Y,FRKI
X=B+*B
Y=A
F=FRKI(Y,J)
G0 TO (20,30),J
20 E=42.019363D0~8.1902D-2% (1 .D0-X+2.D0*Y)~9.057D-5*(0.75D0
G-1.5D0*X+3.DO*Y+X*X-3.DO%X*Y+3 . DO*Y*Y)-3.22D-7*(0.5D0
C-1.5D0*X+3.D0*Y+2 . DO*X*X~6.DO*X*Y+6 . DO*YsY-X+X+X+4 . DO*X+X*Y
C-6.DO*X*Y*Y+4 , DOxY+Y*Y) -5 .746D-9* (0.3125D0-1.25D0*X
. C+2.5D0*X*X-7 .5D0*X*Y+7 .5DO*Y*Y-2 5DO*X+X#X+10.DO*+X*X*Y
C-15 . DO*X*Y#Y+10DO* Y*Y*Y+X*X*X+X~5 . DO+ XX+ X Y+10DO* XX+ Y *Y
C-10DO*X*Y#Y*Y+5 ., DO*Y*Y*YxY)
RETURN
30 E=36.122D0+0.3638D0*(1.D0-X+2.D0*Y) -1.211D-2%(0.75D0
C-1.5D0%X+3.DO*Y+X*X-3.DO*X*Y+3.DO*Y*Y)+0. 1306D-3+(0.5D0
C-1.5D0*X+3.DO*Y+2 . DO#X*X~6 . DO*X#Y+6 . DO*Y*Y-Xx XX +4 . DO*X+X+Y
C-6.DO*X*Y*Y+4 . DO*Y*Y*Y) '
RETURN
END

0O nNn o Q

DOUBLE PRECISION FUNCTION FREI(V iy

Finds Cs2 potential energy in 1/cm as function of v1brat10na1

quantum number. This is for the J=0 state, so FREI(V)=G(V).

The potential emergy is w1th respect to U=0 at the equilibrium

position, as usual.

DOUBLE PRECISION V

G0 TO (10,20),I

10 FREI=( (((-5.746D-9%V-3.22D~7) *V-9.057D-5) *V-8.1902D-2) *V
C+42.019363D0) *V

0O n 0 Qa



20

0 naoaa

10

RETURN
FREI=(((0.1306D—3*V-1.211D-2)*V+0.3638D0)*V+36.122D0)*V
RETURN

END

DOUBLE PRECISION FUNCTION FRKI(V,I)

This calculates the derivative of E with respect to Kappa for
Rydberg-Klein-Rees potential calculations. As it happens,

this derivative is just (at Kappa=0, which is where we need it)
B(V). '
double precision V

G0 TO (10,20),1
FRKI=(((-4.197D-12*V-4.246D-10) *V-9.091D-8) *V-2.20994D-5) *V

C+1.174343D-2

20

RETURN
FRKI=((((-1.54D-10%V+1.18D~8)*V-3.11D-7)*V+2.48D-6) *V+1.77D

C-5)*V+9.0469D-3

RETURN
END

2. FRPTGFLFOR A BB MFRBHML-(V), A= REHFBEKB UK. HR <R
Bf, U(r)=Y+Zr %R>R(N) B, U(r)=D+ &, BBHEHE 0 A7 FEFXSP.DAT
FIFASP.DAT 1, ’

10
- 100 .

program spline

Finds coefficients of cublics for spline fit to the points which
made by program PTGF.FOR, using function Y+X/R¥*12(for R<R(1))
and A/R**6+D (for R>R(N)).

double precision x(297),y(297),xxs(297),rms(297),aas(297)
double precision ds(297),yys(297),r1a(297),rmt(297),gs(297)
double precision RN(297),ys(297,2),us(297),X1,Y1,A,D,X2,Y2
double precision bbs{(297)

n=297

L=1

open(10,file="fxpot.dat’)

read(10,*) (x(j),y(j) ,j=1,n)

close(10)

nu=n-1

RN(1)=3.DO

RN(N)=8.0DO

DR= (RN (N)-RN(1)) /nu

do 10 I=2,nu

11=I-1 ]

RN(I)=RN(1)+I1+DR

if (L.EQ.1) go to 200

open (30,file="fapot.dat’)

read(30,*) (x(j),y(j),j=1,n)

200

310

close(30)
do 310" j=1,nu
xxs (§)=x(j+1)-x(j)

Gyys () =y (G+1) -y ()

" continue-

as=\yys(2)/xxs(2)-yys (1) /xxs(1))/ (x(3)-X (1))

s
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" 650.
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bs=yys(2) /xxs(2)-as*xxs(2)
rlpoch=2.d0*as*(x(1)-x(2))+bs
as=(yys(n-1)/xxs(n—1)—yys(n-Z)/xxs(n—Z))/(x(n)—x(n—Z))
bs=yys(n-1)/xxs(n—1)-as*xxs(n—l)
pspoch=2.d0*as*xxs(n-1) +bs

do 420 j=2,nu

rla(j)=xxs(j)/(x(j+1)-x(j-1))

rmt (j)=1.-rla(j)

ds(j)=6.* (yys(§) /xxs(§)-yys (j-1) /xxs (j-1))/ (x (j+1)-x(§-1))
continue

rla(l)=1.

rmt (n)=1.

ds(1)=6.d0*(yys(1) /xxs (1) -rlpoch) /xxs(1)
ds(n)=6.d0*(pspoch—yys(n-l)/xxs(n-l))/xxs(n—i)
r1=2.40

gs(1)=ds(1)/rl

do 510 j=1,nu

us(j)=rla(j)/rl

r1=2.d0-us(j) *rmt (j+1)
gs(j+1)=(ds(j+1)-rmt (j+1) +gs(§)) /rl

continue

rms (n)=gs (n)

do 550 j=mu,1,-1

rms (j)=gs(j)-us(j)*rms(j+1)

continue
X1=-x(1)**13/1.2d1% (~0.5%xxs (1) *rms (1) +yys (1) /xxs(1)
¢ -(rms(2)-rms(1))/6.d0*xxs(1))

Yi=y(1)-X1/x(1)**12
A=—x(n)**7/6.d0*(rms(n)*0.5d0*xxs(n—1)+yys(n—1)/xxs(n—l)
¢ -(rms(n)-rms(n-1))/6.d0*xxs(n-1))

D=y (n) -A/x(n) *+6

~‘do 560 j=1,n

rms(j)=rms(j)/6.40

continue

do 600 j=1,nu
aas(j)=yys(j)/xxs(j)-(xms (j+1)-rms(j)) *xxs(j)
bbs (j)=y(j) -xxs(j) *xxs(j) *rms(j)
continue

do 650 K=1,n

if RN(K) .1t.x(1)) go to 630

if (RN(X) .gt.x(n)) go to 640

do 620 i=1i,n

if (RN(K) .1t.x(i)) go to 660
continue

i=i-1

js=i-1

xj=RN(K)-x(j=)

‘ys(K,L)=(rms(js)*(x(js+1)—RN(K))**3+rms(js+1)*xj**3)/xxs(js)

ctaas(js) *xj+bbs(js)

go to 650

ys (k,L)=Y1+X1/RN (k) **12
go to 650

ys (K,L)=A/RN (K) **6+D
continue

if (L.EQ.2) D=5100.40

- do 670 I=1,N

ys(i,L)=ys(i,L)-D
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670 continue
write(*,*) D
go to (680,700), L

6380 1L=2
open(20,file="fxsp.dat’)
write(20,800) (RN(1),ys(i,1),i=1,n)
write(20,%) D

800 format (1x,2£15.7)
close(20)
goto 100

700 open(40,file=’fasp.dat’)
write(40,800) (RN(i),ys(i,2),i=1,n)
write(40,%) D
close(40)
stop
end

3. #3 #ESPLINE.FOR KRG AR, F|H Numerov jf%;kﬁschmdmger FE, BRE
B 42 18] I B 04 B 2R B 72 SC #F FXW.DAT I FAW.DAT H1,

program FCCS2
***************************************************************

F-C-F calculation between bound and bound states

by Lin Yueming, 1994.11.15
***************************************************************

n o o0oao0o0

Uses ZCHR to solve the schroedinger equation for a given J" and
and J’, for X-band vibrational levels O to 20, and A-band
vibrational levels O to 27, storing the wavefunctions in files
FXW.DAT and FAW.DAT
double precision v(202) ,R(201) ,P(201,2) ,ET,E,ss(201,0:30),
c D,fexa
common/al/V
common/a2/R
common/a3/P
N=201
N1=N-1
10 write(*,20)
20 format (1x,12htype JX, JA.)
read(*,*) JX,JA
if (IABS (JX-JA)-1) 10,30,10
30  KX=30 !X-band vibrational quantum number V"
M=1
J1=JX
31 goto(32,33) ,M
32 open(20,file=’FXSP.DAT’) ,
read(20,*) (R(i),V(i),i=1,N)
read(20,*) V(N+1)
close(20)
goto 35 )
33 KX=20 . ! A-band vibration quantum number V'
J1=JA

O 0 o n
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open(40,file="FASP.DAT’)
read(40,*) (R(i),V(i),i=1,N)
read(40,*) V(N+1)
close(40)

35 do 400 I1=0,KX
write(*,*) Il
D=float (I1)+0.5
J2=0

38 ET=J1xJ1+J1
E=fexa(D,ET,M)
D=V (N+1)
ET=E-D
L=0
call ZCHR(J1,M,ET,N,L,K)
write(*,*) K,L
if(L) 70,70,350

70 if(J2) 100,80,90

80 D=float(I1)+0.25
J2=1
go to 38

90 D=float(I1)+0.75
j2=-1
go to 38

100 if (K-I1) 110,350,110

110 D=float(I1)+0.5
if(J2+1) 116,115,116

115 J2=-2
go to 38

116 write(*,250) Il

250 format (1x18hNo solution for V=,I2)
go to 400

350 do 380 I=1,N
ss(I,I1)=P(I,M)

380 continue

400 continue

410 goto(415,416) M

415  open(40,file="FXW.DAT’)

" write(40,*) (R(I), (ss(I,I1),I11=0,KX),I=1,N)

close(40)
goto 440

416 open(30,file="FAW.DAT")
write(30,*) (R(I), (sa(I,I1),I1=0,KX),I=1,N)
close(30)

420 format(ix,12f14.7)

440 go to (450,500),M

450 M=2
go to 31
500 stop
end

subroutine ZCHR(J,M1,ET,N,L.K)

Solves schroeding’s equation for nuclear motion of a diatomic
molecule. V(i) must contain the potential in 1/cm. With V=0.DO
for infinite radius, so ET is negative. ET is the trial enexgy
eigenvalue. R(i) must contain the radial values, equally spaced,
in angstroms. J is the total angular momentum (excluding nuclear

a6 a0 o0
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spin ) quantum number. N is the number of points at wwhich the
potential is known, and must be odd. L is lambda, the component
of electronic angular momentum along the internuclear axis. EP,
the convergance test for the eigenvalue, is set to a fraction
of the initial test value for ET, but ET will change as the DO
loop cycles. The emergies are corrected to units of 1/anstroms**2
by a factor of £=8+PI+*2+MU%C/(1.D16+h), where Mu is the reduced
mass. £=3.964847637 for Cs2. K returns the viberatiomal quantum
number of the solution, from counting nodes.

double precision V1(202) ,R(201) ,EP,ET,DE,DO,£f,h,P(201,2),
c gi,Y(S),x,z,simp,wn,h2,hv,pmax,pmin,V(ZOZ)

common/al/V

common/a2/R

common/a3/p

£=3.964847637d0

ET=ET*f

x=J*J+J-L*L

pmax=1.0d30

pmin=1.d-30

L=0

DE=0.D0

EP=-ET*1.D-12

mx=40

Ni=N-1

if (N/2-N1/2) 10,20,10

stop

h=(R(N)-R(1))/N1

h2=h*h

hv=h2/1.2D1

wn=1.D0

Set potential to include rotation

write(*,*) (R(I),I=1,N)

do 30 I=1,N

z=R(i)*R(1i)

V1(i)=£*V(i)+x/z

continue ]

start inward integration

do 230 M=1,mx

z=V1(N)-ET

gi=Vi(N1)-ET

if ET too large, difference equation unsolvable

if (gi) 875,50,50

P(N,M1)=1.d-10

P (N1,M1)=P(N,M1)*DEXP (R(N) *DSQRT (z) -R (N1) *DSQRT (gi) )
¥(3)=P (N, M1) * (wn-hv*z)

Y(2)=P(N1,M1)*(wn-hv*gi)

do 110 I=N1,3,-1

I1=I-1

Y(1)=Y(2)-Y(3) +h2+gi*P (I,M1)+Y(2)

gi=V1(I1)-ET

z=wn-hv*gi

P(I1,M1)=Y(1)/z

write(*,*) P(i1,M1)

if (dabs (P (I1,M1))-pmax) 90,70,70

z=P (I1,M1)

do 80 K1=I,N

if (dabs(P(X1,M1))-pmin) 75,76,76
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P(K1,M1)=0.DO

goto 80

P(K1,M1)=P(K1,M1)/z

continue

Y(2)=Y(2)/z

Y(3)=Y(3)/z

gi=Vi(I)-ET

goto 60

Check for greatest value of the wavefunction: It starts positive,
and will increase to a maximum. We will use the maximum to match
inward and outward integrals

if (P(I1,M1)-P(I,M1)) 120,100,100
Y(3)=Y(2)

Y(2)=Y(1)

Wavefunction still imcreasing, so must quit to avoid a loop
We will match integrals at I=2
I=2

I1=1

normalize to P(I,M1)=1.D0

z=wn/P (I,M1)

x=Y(3) *z

do 130 Ki=I,N

P(K1,M1)=P(K1,M1)*z

Start outward integration
P(1,M1)=1.D-10

Y(1)=0.DO

gi=V1(1)-ET

Y(2)=P (1,M1)* (wn-hv*gi)

do 180 K1=1,I1

K=K1+1
Y(3)=Y(2)-Y(1) +h2*gi*P (K1,M1)+Y(2)
gi=V1(K)-ET

z=wn-hv*gi

P(K,M1)=Y(3)/z

write(*,%) P(k,M1)

if (dabs(P(K,M1))-Pmax) 170,150,150
z=P (K,M1)

do 160 LL=1,K1

write(*,*) P(LL,M1)

if (dabs(P(LL,M1))-Pmin) 145,146,146
P(LL,¥1)=0.40

goto 160

P(LL,M1)=P(LL,M1)/z

continue

Y(1)=Y(1)/z

Y(2)=Y(2)/z

goto 140

Y(1)=Y(2)

Y(2)=Y(3)

Normalize to P(I,M1)=1

z=P (I,M1)

Y(1)=Y(1)/z

Y(2)=Y(2)/z

Y(3)=x

do 190 K1=1,1

P(K1,M1)=P(K1,M1)/z

write(*,*) (P(I,M),I=1,N)
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200
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220
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290
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320
330
340
350

360
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371
375

380
390
400

410
420
430
440

450
460

Get correction to energy eigenvalue
z=0.D0

do 200 Ki=1,N

z=z+P (K1,M1) +P (K1,M1)

DO=DE .

DE=( (Y (2)-Y(1)+(Y(2)-Y(3))) /h2+gi)/z
if (DABS(DE)-DABS(DO)) 210,205,205
if (L) 220,220,240

=1

if (DABS (DE) -EP) 260,260,220
ET=ET+DE

continue

IL=-1

Node count

K=0

K1=DSIGN (vn,P(1,M1))
11=DSIGN (vm,P(2,M1))
MX=DSIGN (wn,P(3,M1})
do 360 I=3,N1
LL=DSIGN (wn,P (I+1,M1))
if (MX) 270,300,270

if (MX+I1) 320,280,350
if (MX*K1) 290,350,350
if (MX+LL) 350,350,340
if(I1) 350,310,350

if (LL*K1) 340,350,350
if (MX*K1) 330,290,350
if (MX*LL) 350,340,340
=K+1

Ki=I1

T1=MX

MX=LL

Normalize

ET=ET/£

goto 371

x=DSQRT (simp (P (1,M1),P(1,M1),N1,N,h))

do 370 I=1,N
P(I,M1)=P(I,M1)/x
if (L) 380,380,460
L=-1

M=-M

No convergence. M=MX+1 if Do loop ran out. Otherwise,

DE was increasing

go to (390,410),M1

write(*,400)

format {(1x6hX-band)

go to 430

write (*,420)

format (1x6hA-band)
write(*,440)K,J

format (1x' (V,J)=(",16,’,",16,°)")
write(*,450) DE,DO,M

format (1x34hNo convergence, DE, DO, and M are:/2D24.16,14)

return
end
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double precision function simp(x,y,N1,N,h)
Integrates product x*y by simpson’s rule. N is the number of

c points, equally spaced a distance N apart, N1=N-1. N=odd!
double precision x(201),y(201),h,to
t0=2.0D0 ) '

simp=x(1)*y(1)+x(N)*y(N)+x(2)*y(2)*4.D0
do 10 I=4,N1,2
I1=I-1

10 simp=simp+to*(x(I1)*y(Il)+to*x(I)*y(I))
simp=simp*h/3.0DO0
return
end

double precision function fexa(V2,Q2,M)
¢ finds energy level in X (M=1) or A (M=2) band.
c y2=V+0.5; Q2=J*(J+1)
double precision V2,32
go to (10,20), M
10 fexa=(((((-1.345D-22+V2+2.92D-21) *V2-1.1783D-20) *Q2+(0.943D
~18%V2
-2.202D-16) #V2+2 . 515D-15) #Q2+ ( (-4 .946D-15+V2-0.52D-13) V2
-1.723D-11) #V2-3.7289D-9) Q2+ ( ((-4.197D-12%V2-4.246D-10) *V2
-9.091D-8) *V2-2.20994D-5) *V2
+1.174343D-2)#Q2+((((-5.746D-9%V2-3.22D-7)*V2-9.057D-5) V2
-8.1902D-2) *V2+4 .2019362D1) *V2
return
20 fexa=(((0.0%V2+1.4D-15)*Q2~5.31D-11%V2+2.17D-9) *Q2
+(((1.13D—8*V2—2.08D—7)*V2+8.0D—7)*V2+2.004D—5)*V2+9.058D—3)*Q2
¢ +((-1.144D-2%V2+0.3755D0) *V2+3.609D1)*V2
return

o 0600600

end

4. FEFCCs2.FOR HEE B P EH, KFranck-Condon B, HERGFNFECFCXA.DAT
B A

program FCIN1

c Finds the Franck-Condon Factors and stores them in file CFCXA.DAT
double precision simp,h,F(0:30,0:30),ss(297,0:30),D,s(297,0:30),
c R(297)
character *1 x
x='&’
N=297
Ni=N-1
JX=30 ! X-band vibratiomal quantum number V"
KX=30 ! A-band vibrational quantum number V’

open(lO,file='FXW.DAT')
read(10,*) (R(D), (s(1,I1),11=0,JX),I=1,N)
close(10)
open(20,file=’FAW.DAT')
read (20, %) (R(I),(ss(I,Il),Il=0,KX),I=1,N)
close(20)
c write(*,*) (R(I),I=1,N)
100 format (1x,12f14.7)
h=(R(N)-R(1))/N1
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10

200
300

c400

500

do 300 JV=0,JX

write(®,*) JV

do 200 KV=0,KX

£0=2.0D0 _
simp=s(1,JV)*ss(l,KV)+s(N,JV)*ss(N,KV)+s(2,JV)*ss(Z,KV)*4.DO
do 10 I=4,N1,2

write(*,*) I

I1=I-1
simp=simp+to*(s(11,JV)*ss(Ii,KV)+to*s(I,JV)*ss(I,KV))
simp=simp+*h/3.0D0

D=simp

write(*,*) KV,D

F(XV,JV)=D*D

continue

continue

open(30,fi1e='CFGXA.DAT')
write(30,*)((F(KV,JV),KV=0,KX),JV=O.JX)

do 400 JV=0,JX

write(30,500) (F(KV,IV),X,KV=0,8)

continue

close(30)

format (8(e9.4,4A2))

stop

end

5. HECs, S FHECs: S TFX'S) - A'EY BRFEE B0 B I, KRB IR E BRI H—
Al 0 R e 8 E AR AR ALY R R o B X 38 P B R R GR A L, HE g RETER
3 {F ABSORP.DAT ==

a0 o000

130

program XTOA1
*********************************************************
This program finds the frequencies and intensities of
transitions expected between one ground(X) state and
levels in the A state of the Cesium(Cs2) molecule.
programmed by Lin Yueming, November 2,1994
*********************************************************

double precision gnu,nu(98000),zn,zin(98000),FC(0:30,0:30)

T=350. \Unit is centigrade
hk=-1.43876314/(T+273.15)
I1=30 1X-band vibrational quantum number (V")

3J2=300 !X-band rotational quantum number (J")
Imax=30 !A-band vibrational quantum numbex (V)
open(20,fi1e=’cfcxa.dat')
read(ZO,*)((fc(KV,JV),KV=0,Imax),JV=0,I1)
close(20)

i=1

z=1.

do 165 1L=0,I1

do 162 K=0,J2

do 160 IV=0,Imax !Imax

do 150 J1=K-1,K+1,2

if (J1) 150,130,130

call Sxan(GNU,ZN,L,K,IV,Jl)

if (GNU.GT.9800 .OR. GNU.LT.9200.00) goto 150



KEW: —HRERrENEALAECERAAEBEMGR - 108

NU(i)=GNU
zex=exp(hk*zn)*(1.0+f10at(K-2*(K/2))*2.0/7.0)
zin(i)=zex*GNU*float (J1+K+1) *FC(IV,L)
if (zin(i).lt.SOOOO) goto 150
if(zin(i) .gt.z) z=zin(i)
M=1i
i=i+l
write(*,*) z,M
150 continue
160 continue
162 continue
165 continue
do 500 K=1,M
write(x,*) "K="K
do 400 I=K+1,M
if (NU(I) .GE.NU(K)) goto 400
Y=NU(K)
NU(K)=NU(I)
NU(I)=Y
Yi=zin(K)
zin(K)=zin(I)
zin(I)=Y1
400 continue
500 continue
c z=9716.754
do 300 i=1,M y
zin{i)=zin(i)/Z
300 continue
open(10,file="absorp.dat’)
write(10,301) (NU(i),zin(i),i=1,M)
301 format(2f14.6)

* do 350 i=1,M
* write(10,%*) Nu(i)
%350 continue
* do 360 i=1,M
* write(10,%*) zin(i)
*360 continue
close(10)
200 format(£8.4)
stop
end

subroutine sxan(ZN,GN,JV,J,KV,K)

sk ke sk e s ke sk o sk ok o ok o okl ok sk ek ke ok e kst sk skl ok sk sk sk ksl sk ok ok
Uses data of J.Verges and M.Raab, M.Raab’s X data of 9/9/1981,
J.Verges’ A state of 5/25/1987, to find the wavenumber of an
absorption line in Cesium molecule, A-X band, JV,J=X band,
KV,K=A band.

st st o o ok ok ok ot e e s sk ok sk sk sk s sk s ke sk ke ok ok ok ko sk ok ok sk ok ok ok ok ok ok sk sk sk skl s sk sk sk e oo sk ke sk ok sk sk ok kK
double precision ZN,V1,V2,Q1,Q2,GN

Vi=KV+0.5

Vv2=JV+0.5

Q1=K*K+K

Q2=J*J+J
ZN=(((((-1.345D-22%V2+2.92D-21) *V2-1.1783D-20) *Q2+ (0.943D-18*V2
C -2.202D-16)*V2+2.515D-15) #Q2+((-4.946D-15+xV2-0.52D-13) *V2
C -1.723D-11)%V2-3.7289D-9) +Q2+(((-4.197D-12%V2-4.246D-10)*V2

0O 0 a0 n a0
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C -9.091D-8)*V2-2.20994D-5) *V2
+1.174343D-2) *Q2+(( ((-5.746D-9%V2~3.22D-7) *V2-9.057D-5) V2
C -8.1902D-2)#V2+4.2019362D1) *V2

GN=ZN

Q2=(((0.0%V1+1.81D-15)*Q1+1.05D-11+V1+1.979D-9) *Q1
¢ +((((-1.54D-10%V1i+1.18D-8)*V1-3.11D-T)*V1+2.48D-6)*V1+1.77D
C -5)*V1+9.0469D-3)*Q1
¢ +(((0.1306D-3%V1-1.211D-2)*V1+0.3638D0) *V1+3.6122D1) *V1
ZN=Q2-ZN+0,862706D4
return
end

Q



