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Fig. 1. The energy calibration of the excited La® spectrum
via intermediate state (Xe)5d6d 3Fa. We recalibrate the
spectrum™ in the energy region 89872.8 —91783.2 cm™
(upper figure) according to the spectruml! in the energy
region 89690.4—91639.8 cm !(lower figure), and the offset of
the recalibration is ~10.3 cm . The zero point of energy is
taken the energy of the ground state of La'.

2.2 IBiPHE

HIF5E L - AL ORI LR 7 201 3]
DISKIEA AT 2 —. A EAE TR
NBIWFE HLTIR] SCION, B B 250k, 21l B
T IS (MQDT)P- HEZE R AYAR XS 18 2238 18
g (RMCT)0-10], 20 20 25 AH B AR HIFE AL i
B LA EAE R 8 18— R 5 LA S AR Y
LS G BT SE A TRPEARAS, MR T3l
LS RS e T, Mk
L HUE RE R AN R AR, Bl i i — &

043201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 043201

A, RS TROE IR, R T M sh s L
K HEFE MG X —E, Mgk mF
RN = N

LI BT 5 IS (MQDT)P- HEZE T,
GIAAHEE T8 3% & ANE 38 38 i P P G nT L
PRAR R FESS o NAAEETE 1, AF FH R 40 A9 AH
HAEM, (EASTEAE IO 43 ffl 3 i) B AR )
W RS R B S R AHES o 1O R TR, FEASA
3 T ) A T D AR E AN R U S S
e —ie (F bR i Rn & flin) - NI e
AAIE 8 18 BE 8 A SO AR FEAE BN R SR 10 3))
Ji2EEE, — AR AR E nT F— 4 BB
FZ%, B MQDT Z40E f i 5 FE i 4
PR AR (RPASAE £ T 507 B g ) FHAE R
(T AE K 4 E 38 B S B U ) A K
AR BRIEHE T D, . 76 B B 30T 3k 2 S R B e 12
JEOLIE ALY AT IS 28 E BLE (RMCT)[0-16)
AL 18 T A FRR A AS A EAE L, 1M B 2% &
T JGRR Z2 (1) LA A R 0L 1) 3% 2225 W AH AR
A AT LA BRAE L 09 MQDT S5, Mfi7e
MQDT HESE 15 31| 5 —id i i TR 24~ LA 2
IRES. W IE R R TCRR 2, HACpritE R
REZ A BRANEIE. B2 8N BT AT 25
TS TF A EAER, MAE ER TN -
TR EAE A, X R4S S . BA % e 4
SRS, F5 L JE TSRS R H T2 R
FHEAE S TS e 2 X Horp A EE 2L
A S ASHACKUN 13 FIAR A AR A808; 29, 4353 R &
L0 R S AR AL AT B 2RV E R S k. B, )
B ACN 4R Kk LT B S8 )i T 5538 3 P AR 1
HL I A5 TS A S i AR Ak, TR R ORe i
£ S FUE TR, 0% RS Bk A M
REEEAL. Hop ALl = 1R RS2 M s i), Fr
A B AL ONE | | AL = 28R g VOB B Ak 5 4
A 1527 (R 0N 2 H R FL B R B T S
PR, TR BT B IVE R, RS i T
WOR B = RE S A B, [RIHEFSE A A i A
FRORFEAAR ) B 3 T8 n 08, TR TS A
L1 8l i DL BRI A T AN AR 12627,

KT &fEZHIE 7 HAe (MQDT)B-
HEZLR , R AN & £ @ 1 B (RMCT)10-16 3
T — B B AR BR[O 20
Horp SR [17) BB R TS T — B i A
WIS LB B A M DG 18, BN % B8 T R 45 50T

L. T SCHR (18] 2% 1 T UREE SEUT B L Al = 1%
e A0 AL = 2 PO B B AR R0, AL 4E T 08
T BB SR A A RS B Y BT A T R E
XA H B 43 0l 6 B (Xe) 5d 2Ds /0570, (Xe)
AF2F 1) 770y (Xe)6s ®Syya, (Xe)6p 2PY,y . SCHR
[19,20] LA SCHR [18] 5 J& Y38 18 1153 2 B, 1158
T BT =07, 17,2, 3 G (J0FEH
TFEfMohE, nfRTFH, o=+ -0l FRHT
FRANETFAR), HBARIR T AR T A58 2 52
K. AR SCR FHSCHR [19] B93HSESE SR, e Aildy
PURE I FHTARE 1 28t P E 2 (Xe) 5d6d 3Fo 3 &
By 89872.891783.2 cm ! SEHG GG, X T ML
T BRI, DA T2 B FH B AR F 38 38 5 SR bR,
XTE AL A A AR SR B AT DL bR iR
BRI ER . L, BATARIR T 22454t
JEF 281 D ORI I B0 1) [ s FRL AP B
. FZEAMFE ARG Z M A EAEH, MR X
B RS A, I A 2 [4.689)

o = 2n%aad(df/de) = Z(Z D,AP)? (1)

Horl (af/de) RARTFHIE, o RAIAMEHIHEL, aofi
TR, FRECAL R o PO UL PR, 11 LT RE
R, RS p AT AT B o, Do
HE RIS B

3 #£XR5i%m

X 2 R ] A (Xe) 5d6d 3 Fy K H— 4 4 15
FIEIE, SCHk [1] 4 T 89690.4—91639.8 cm ! Y
SRS =| R i e e g L R (S i ]
SCHiK [19] 43T T 5 T35 — F B BB, fRiE T
KCBTF— 1B 25 5 — P A A P A F
TEAA R, AHARHE AR, SCHR [19] BT RS20
T, FNSCHR [1] AN — A, R g XA,
R 4 LB A AW AT 22 ) Y 89872.8—91783.2 cm !
i, 2ot BE bR E T TAE R R A IR .
ARSCVASCHR [1] Y63 () RE bR 2 bR, AR X 79
MEESERIX, FEHbRE T SCHR [19] B R SL R
i, G5 R E 1R, B 89872.8—91783.2 cm !
AEIXOLIE.

R 41 BE 1 BT b GE 1Y 89872.8—91783.2 cm !
SEEE, FRATE B E T IR — S5 B
TEAA R BN IE A B, QN 1 ANEE 2 gl sl e

043201-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 043201
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3
P 5 1 2 N S o i D RN -
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Table 1.  Comparison of energy positions (cm ') between the experimental and the theoretical strong autoionization Ry-

51
dberg series of La*. Theoretical assignments are divided into two columns with the labels: (1) eigenchannel 5dep (5, 5) ,
3

5 1
(2) eigenchannel 5dep (57 5) . The experimental energy levels are obtained via the intermediate state (Xe)5d6d 3Fa. The
2

experimental error is 0.5 cm .

Epeo. Epeo.

Fo "~ M @ Feor "~ M @)
90680.0 19.66 90676.4 90683.3 91678.8 56.56 91679.2 91679.5
90796.0 20.74 90777.4 90789.4 91683.4 57.53 91684.0 91684.1
90887.1 21.74 90865.5 90883.9 91688.0 58.55 91688.4 91688.5
90967.0 22.74 90972.6 90963.6 91692.3 59.56 91692.9 91692.7
91035.9 23.72 91031.5 91033.5 91696.3 60.55 91697.0 91696.8
91092.7 24.63 91095.1 91095.1 91700.1 61.53 91700.5 91700.6
91151.4 25.70 91149.8 91149.8 91703.8 62.54 91704.3 91704.1
91201.3 26.72 91192.8 91199.8 91707.3 63.54 91707.8 91707.8
91244.8 27.72 91244 .4 91243.2 91710.7 64.56 91711.1 91711.1
91316.9 29.65 91318.1 91317.2 91713.9 65.56 91714.2 91714.2
91350.9 30.72 91349.9 91349.0 91717.1 66.61 91717.4 91717.3
91379.2 31.70 91379.2 91381.2 91720.0 67.61 91720.3 91720.2
91404.1 32.64 91405.3 91405.4 91722.6 68.54 91723.0 91722.9
91428.5 33.66 91428.9 91429.3 91725.2 69.52 91725.6 91725.6
91450.4 34.65 91451.1 91451.1 91727.7 70.49 91728.2 91728.2
91470.7 35.65 91473.2 91472.4 91730.3 71.55 91730.6 91730.5
91489.4 36.66 91491.0 91489.9 91732.7 72.58 91732.9 91732.9
91506.3 37.65 91507.5 91506.9 91734.7 73.47 91735.2 91735.2
91522.0 38.64 91523.2 91522.6 91737.0 74.53 91737.3 91737.3
91536.2 39.61 91537.5 91537.1 91739.0 75.49 91739.4 91739.3
91550.0 40.62 91551.2 91549.7 91741.0 76.49 91741.4 91741.4
91562.5 41.61 91564.0 91563.7 91742.8 77.42 91743.3 91743.2
91574.3 42.61 91575.3 91576.6 91744.8 78.50 91745.1 91745.0
91585.1 43.60 91585.9 91586.8 91746.5 79.45 91746.8 91746.9
91595.5 44.61 91596.3 91596.5 91748.2 80.44 91748.6 91748.6
91604.9 45.60 91605.6 91605.9 91749.7 81.35 91750.2 91750.2
91613.8 46.59 91614.5 91614.6 91751.4 82.41 91751.8 91751.8
91622.1 47.58 91622.8 91623.1 91752.9 83.39 91753.3 91753.3
91629.9 48.56 91630.8 91630.9 91754.6 84.53 91754.8 91754.8
91637.3 49.56 91638.1 91638.3 91755.8 85.37 91756.2 91756.2
91644.2 50.54 91645.2 91645.2 91757.2 86.38 91757.6 91757.6
91650.9 51.56 91651.7 91651.7 91758.4 87.27 91759.0 91758.9
91657.1 52.55 91657.8 91658.0 91759.8 88.35 91760.2 91760.2
91662.9 53.54 91663.8 91663.8 91761.3 89.56 91761.4 91761.5
91668.4 54.53 91669.2 91669.2 91762.1 90.22 91762.6 91762.6
91673.9 55.57 91674.3 91674.4
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2 IR b R A 2 0 R0 ST B L. B BRI I (1) A Sdes (gg) ,
3

(2) AMEEIE 5de f (g §> - TRRES M T IHIZS (Xe) 5d6d 3Fo R MDLIEFE]. THER2EH 0.5 cm !
2

2

Table 2.  Comparison of energy positions (cm !) between the experimental and the theoretical weak autoionization Ry-

272

55
dberg series of La*. Theoretical assignments are divided into two columns with the labels: (1) eigenchannel 5def ( ) ,
3

5 5
(2) eigenchannel 5def (5, 5) . The experimental energy levels are obtained via the intermediate state (Xe) 5d6d 3F2. The
2

experimental error is 0.5 cm .

Eineo. Eineo.

For "~ 0 @) Few "~ W @)
90980.9 22.93 90977.0 90981.4 91578.6 43.00 91576.0 91578.3
91317.2 29.66 91318.2 91326.2 91589.1 43.98 91586.1 91591.1
91359.7 31.01 91349.9 91357.1 91598.6 44.93 91596.8 91600.0
91387.7 32.01 91393.1 91386.0 91608.4 45.98 91606.2 91609.2
91412.1 32.97 91417.3 91411.5 91616.7 46.93 91615.2 91617.5
91435.4 33.96 91438.8 91436.8 91625.1 47.95 91623.5 91625.9
91456.7 34.95 91456.1 91457.6 91632.7 48.93 91631.2 91633.2
91474.6 35.86 91475.1 91478.1 91640.0 49.94 91641.5 91640.6
91494.6 36.95 91492.7 91495.9 91646.8 50.93 91645.6 91647.4
91511.1 37.94 91508.9 91512.3 91653.3 51.94 91651.9 91653.9
91526.2 38.92 91523.0 91527.7 91659.3 52.92 91658.2 91660.1
91541.4 39.98 91538.7 91541.6 91665.0 53.91 91664.1 91665.7
91554.8 40.99 91552.1 91554.8 91670.2 54.86 91669.4 91671.1
91567.1 41.99 91564.4 91566.9 91675.5 55.89 91674.7 91676.1
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Fig. 2. Comparison of the experimental spectrum(upper figure), the theoretical spectrum(middle figure) considering interaction

among these eigenchannels that give primary contribution to the experimental spectra and the eigenchannel spetrum(lower figure)
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) ,J™ =3~ The theoretical spectrum shown in middle figure is obtained based on the Eq. (1), and included these
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Fig. 3. Quantum defect p mod 1 v.s. excited energy for Rydberg series(lower figure) and autoionization Rydberg series(upper
figure) of La*. o: Experimental data. o: theoretcal quantum defect mod 1 for all possible bound state energy levels with J™ = 3~
symmetry and peak positions of eigenchannel 5dep (g, %) . Excitation energy is represented by the effective quantum number n*,

*

according to Rydberg formula £ = Eo — n* =n — p. Here, F is excitation energy, n* is effective quantum number, p

is quantum defect, F is the ionization threshold, Z is the charge of the ionic core, and Ry. is Rydberg constant.
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Fig. 4. Quantum defect p v.s. excited energy for the
Rydberg series (n* > 67, in the energy region 90120 cm '—
90175 cm! ) converging to the different ionization
thresholds. e: quantum defects obtained by the ionization
threshold 90212.8 cm! from Ref. [1]. o: quantum defects
obtained by the ionization threshold 90212.5 cm!, which is
fitted based on the quantum defect regular behavior for a

Rydberg series.
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Abstract

We analyze ionic spectrum of lanthanum via intermediate state (Xe)5d6d 3F, in the energy region 89872-
91783 cm™, and the spectrum is obtained using five-laser resonance excitation in combination with a method of
sequential ionization by a pulsed electric field and a constant electric field, and has been recalibrate in this
work. Both of one strong and one weak autoionization Rydberg series converging to the La’* state are
determined. Meanwhile, the two autoionization Rydberg series are assigned by relativistic multichannel theory
(RMCT) within the framework of multi-channel quantum defect theory (MQDT). More specifically, the strong

51 51
autoionization Rydberg series is assigned to Hdnp (27 2) and/or bdnp (2, 2) , and the weak autoionization
3 2

55 55
Rydberg series is assigned to 5dnf (2, 2) and/or 5dnf (2, 2) . We focus on the behavior of quantum
3 2
defect with excitation energy for high n Rydberg states, which are sensitive to the existence of a external field.

We find the breakdown of quantum defect regular behavior for a specific Rydberg series and autoionization
Rydberg series of La™ as the effective quantum number n* > 67. Due to that our calculations, which are
obtained by relativistic multichannel theory and included configuration interactions, are in basically agreement
with that for experimental low n (n* < 67) Rydberg states as well as small stray electric fields, we suggest
that plasma formed by photoionization of La atoms in the second excitation step may be responsible for the

breakdown of quantum defect regular behavior.
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