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Fig. 1. (a), (b) Relationship between the resonant frequency S of 8 kinds of ¥Rb,, $Rb,, cluster particles and the magnetic field Hj.
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Table 1.  Measured mean magnetic moment shifts, Zeeman energy shifts and spectrum amplitudes of ¥Rb,, ¥Rb,.
aspy, 5 RARLBERS EEAEE WL SRR HHPHIRE /mV
A i87n H85n Afin AEy/upHo  Fstn/Rssn  Byyn/Essn Agrn  Assn Astn/Assn
STERb, 1 0.494337 0.330120 0.164217 0.164217 1.497446 1.497446 1574.50 1008.71 1.56:1
S8T8Rb, 2 0.246984 0.164773 0.082211 0.082211 1.498935 1.498935 105.75  70.60 1.50:1
STERby 3 0.164598 0.109974 0.054624 0.054624 1.496699 1.496699 883.07  589.49 1.49:1
ST8Rb, 4 0 0 0 0 0 0 TR
STERby 5 0.098789 0.066044 0.032745 0.032745 1.495805 1.495805 383.47  354.10 1.08:1
S78Rbyg 6 0 0 0 0 0 0 TR
ST8Rby 7 0.070635 0.047180 0.023455 0.023455 1.497139 1.497139 188.70  170.63 1.10:1
$T8Rbg 8 0 0 0 0 0 0 TR
ST8Rby 9 0.054953 0.036718 0.018235 0.018235 1.496623 1.496623 84.92 79.59 1.06:1
S8Rbyy 10 0 0 0 0 0 0 TR
ST8Rby, 11 0.044975 0.030046 0.014929 0.014929 1.496871 1.496871 48.62 39.90 1.18:1
S8Rby, 12 0 0 0 0 0 0 TR
ST8Rb )3 13 0.038060 0.025423 0.012637 0.012637 1.497070 1.497070 31.55 23.07 1.34:1
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Kl 2 (a), (b) PRI R TFHEAISRD, $Rb, (n = 1, 2, -, 13) (I3RS ML
Fig. 2. (a), (b) Resonance dissociation spectra of two series of isotopic atomic clusters Rb, %Rb,, (n =1, 2, -, 13).
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— (6,55)%(0,55)* (0,4d)2(mAd) (m,4d)°,  (0,59)%(6,55)! (0,4d)* (m,4d)* (m,4d)?, Pa=Pb = =45
: 1
2

e 2 P S{CTORD, SR SR T P52/ Z2KLMNspd, HoAtk: 7358 HE Al 58 ZKLMNspd.
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horF RS MG M. B4, XF¥Rb,
MR R AR TR =37 /2, AHIEE
THL =0, AlEfMshiE s = 1/2, HUES AEEE
R FIR SR T J=L + s =
1/2, AR RSN SfAshE F=10+ J
=3/2 +1/2 = 2; R FIIEGMNER Fagy = nF =
2m; XS T Rb,, &% A BEdA BT 19 15 ) REH K
TAE, 1P =57 /2, MR AR T IR 402540 £ o
R J=1/2, MMM F=1"+ J=
5/2+ 1/2 =3, i THAEE Fag = nF = 3n.
M Itt, 2% 3CHik [15, 17) 15 HSRb, fISRb,, 5
R AR S 5K

1 1 1
Fogr + e F4.\87MB T

Hern =

1 R
Frss 17 Fé.\sz;'uB 3

(8)

H.A STRb,, #18°Rb,, BATE K 1435 gsrn = 1/(2n)
il gssn = 1/(3n) .
M4 (7) 2R (8) AT 45 S"Rb,, 1 °Rb,, [ %E
x| Sl i il
1

[185n = 1B,

Egrn = %MBH07 9)
Egsn = iMBHO- (10)
3n
e GV R /N
Afin, = figrn — fgsn = GLnMB (11)
£ 3G St N
3

Table 3.

8Rb,, atomic cluster.

- 1
n

FH(7)—(10) XX n = 1, 2, -, 13 BYHG AL K
FRERI R TN ZE S BRI BRI TR, IR}
BEE R SR N, 3L 3 FNEE 4.

M2 3 1k 4 AT LIE Y, Rb,, ¥Rb, 55
R ) 1 2 2 BE RS AR X 1R 22 (R — 6.989 %0 il
—5.8%0, IR 1%, BUE A% i 16
WA HIE T E R TR ZE R,

EHRAEBESREBRIGIHER
Eb3g

K (7)—(12) XXF n =1, 2, -, 13 AYHRD,,
FI%Rb,, AR FIZE 2 RER A TIHE, IFRHE S,
RESIEERXT I, a3l ank 5 Fgk 6 gl I b
e 5 MR 6 i AR Fe LU A1) 22 HEORE I Y ST AR
RIS LR TR JE 2 B RS LA 1A, ELAR DL 3 Al
& 4.

4.3

5s BT REREREHER

S Fp I 0 A Y 28 2 RE R PR 4 R A
AR T B E P57 R A — I RE R B2 R se il
4 AR B LI P A 2 SR AR e R PR A BE 0 F)
1B S B 2 2 RE ] P BOR B 58 A B L S = 2
AR S RS IR Y 5 HL TS AR Rt ok,
AP HL A A R R PR DDA G, o I R
T E S REZR] e AT SR AL 1 HLBE 3 1 R
/IR B Y SO . HRER KA RIFE L n >
21 LAJF A2 2 R B B AR/ MR BRI H R

4.4

JETH5 SR, R N ZE 2 RELR ) PR AL 5 SR 44 2R UL

Comparison of experiment values and calculated values of magnetic moment and Zeeman energy level interval of

SRb, " %& Z?éff%i ff%l _ fin/ Mi, pnguzﬁ _ En/uBHZ B, I

AH Az a0 B s WE/% Hm Sy 2 /%o
STRb, 1 My Ay =1,5=1/2 2 1/2  0.494337 —11.326 1/2 0.494337  —11.326
STRb, 2 Mg, Ay =1,s=1 4 1/4  0.246984 —12.064 1/4 0.246984  —12.064
STRby 3 Mg, Ay =1,5=1/2 6 1/6 0.164598 —12.412 1/6 0.164598  —12.412
STRb 5 2My Ay =1,5=1/2 10 1/10 0.098789 —12.110 1/10 0.098789  —12.110
STRb, 7 My Ay =1,s=1/2 14 1/14 0.070635 —11.110 1/14 0.070635  —11.110
STRb 9 2My Ay =1,5s=1/2 18 1/18 0.054953 —10.846 1/18 0.054953  —10.846
SRby; 11 My Ay =1, =1/2 22 1/22  0.044975 —10.550 1/22 0.044975  —10.550
STRby4 13 2y Ay =1,s=1/2 26 1/26 0.038060 —10.440 1/26 0.038060  —10.440

SRbygsi012 4, 6,8, 10, 12 [19, 20, 21] 0 0 0 0 0 0

M —6.989 —6.989
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4
Table 4.

85Rb, atomic cluster.

S5Rb,, W HAIZE S REZR [ PRI 5 SR 45 51 LA

Comparison of experiment values and calculated values of magnetic moment and Zeeman energy level interval of

SR, 5s TRk i fin /1 i A En/psHo B, M
HLFAL TEAE A g Fils n o fom Sy WE/ %o Sy 2 /%o
$Rb, 1 My, Ap=1,5=1/2 3 1/3 0330120 —9.640  1/3  0.330120  —9.640
8Rby 2 3Hg7)\g =1s=1 6 1/6 0.164773  —11.362 1/6 0.164773  —11.362
$5Rb, 3 Mg Ay =1,5=1/2 9 1/9 0109974 —10.234  1/9 0109974 —10.234
85Rby 5 211y, Ap=1,5=1/2 15 1/15  0.066044 —9.340 1/15 0.066044 —9.340
85Rb, 7 M, Ap=1,5=1/2 21 1/21  0.047180 —9.220 1/21 0.047180 —9.220
Rb, 9 My, Ay =1,s=1/2 27  1/27 0036718 —8614  1/27 0.036718 —8.614
$5Rbyy 11 M, Ap=1,5=1/2 33 1/33  0.030046 —8.482 1/33 0.030046 —8.482
$Rby3 13 QHg, Ap=1,5=1/2 39 1/39  0.025423 —8.503 1/39 0.025423 —8.503
$Rbygsioiz 4, 6,8, 10, 12 (19, 20, 21] 0 0 0 0 0 0
FHfE —5.800 —5.800
#5  SRb, HI¥Rb, SFHFHHER S CREARXT
Table 5.  Comparison of experiment values and calculated values of magnetic moment shift interval of ¥’Rb,, and *Rb,,.
An/pB 0 Bn/ B SIS F
STRb,, #i7! $Rb,, HiF! %l}%ﬁ/ﬁjﬁ SRb,, S:58 $Rb,, S5 i?ﬁ E FIBE% e
1 1/2 1/3 1/6 0.494337 0.330120 0.164217 —14.698
2 1/4 1/6 1/12 0.246984 0.164773 0.082211 —13.468
3 1/6 1/9 1/18 0.164598 0.109974 0.054624 —16.768
4 0 0 0 0 0 0 0
5 1/10 1/15 1/30 0.098789 0.066044 0.032745 —17.65
6 0 0 0 0 0 0 0
7 1/14 1/21 1/42 0.070635 0.047180 0.023455 —14.89
8 0 0 0 0 0 0 0
9 1/18 1/27 1/54 0.054953 0.036718 0.018235 —15.31
10 0 0 0 0 0 0 0
11 1/22 1/33 1/66 0.044975 0.030046 0.014929 —14.686
12 0 0 0 0 0 0 0
13 1/26 1/39 1/78 0.038060 0.025423 0.012637 —14.314
FHE —9.368

P IRBETE L ¥ () —(10) X il 0 =
1,2, -, 139 EBH] n = 192 METHIEST, I
V5 AR JELF 7 1) 2E 2 RE G0 8] P 2 (5 | 5s HL 7
TG LT n = 2, 8, 20, 40, 58 Fil 92 &%
AR, TN Ry 7e a5 2 AR R RB L 2 [R] (1 2 2
RERR DR RE /Y, T8 bs LT 5T 2454, BRI A
S"Rb,, %Rb, ZEEREHREFHA, T bs HT52 2
FURERR, STRb, W B n = 2 Y 2E2 SRR A
Fern i“BHO’ HAEHE K 0; ¥R, A 8%
Hin=2M05, - %MBHO, HAMBBI N 0. 4
Je TR A AR R Z I 2 2 AR R RI 25 18, I X

AN, 3B ST [11] ARSCHLE, R X
A(NA+1), KRy n 2w 2R AN+D) &
S n JR BYR — AR T T AR AT — AR e
FRIRESR T B 228, ANT&T 5(a) FIIE 5(b) 7R, St
LRI T ANKE n 2L, StELinic 7
A(N+1) - AN B n B9 R/N R B AfL &, H)
Pl 5(a) FIEEL 5(b) 45 T #n A PIAS R o 38 Dt 7%
5s HL T /= RESR A .

FRREE 5(a) A 5(b) 5 3CHk [11] B9 1 #EFT
XFLb, WTLAE Y, i ZE S e A Ss LY
7C 2 Ha BVRRE S AE BRI 7 25 5 B I ST
B IR 3s HL T4 R A 7E — N ERST FR Bk
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# 6 5 Rb, F%Rb, GHEE

S RERS S S I EE R LB

Table 6.  Comparison of experiment values and calculated values of Zeeman energy level shiift interval of 8Rb, and %Rb,,.
En/psHo HORERS En /1 Ho TR iz /%
STRb,, HEH! $Rb,, 1 AEn/usHo STRb,, S 85Rb,, S AEy/psHo
1 1/2 1/3 1/6 0.494337 0.330120 0.164217 —14.698
2 1/4 1/6 1/12 0.246984 0.164773 0.082211 —13.468
3 1/6 1/9 1/18 0.164598 0.109974 0.054624 —16.768
4 0 0 0 0 0 0 0
5 1/10 1/15 1/30 0.098789 0.066044 0.032745 —17.65
6 0 0 0 0 0 0 0
7 1/14 1/21 1/42 0.070635 0.047180 0.023455 —14.89
8 0 0 0 0 0 0 0
9 1/18 1/27 1/54 0.054953 0.036718 0.018235 —15.31
10 0 0 0 0 0 0 0
11 1/22 1/33 1/66 0.044975 0.030046 0.014929 —14.686
12 0 0 0 0 0 0 0
13 1/26 1/39 1/78 0.038060 0.025423 0.012637 —14.314
FE —9.368

8TRb, (I°=3-/2, J=1/2) [fin

A, i (IP=5-/2, J=1/2) %Rb,

n 1/2n 1/6n 1/3n
0.50 p--4---
0.45 |
(Ll
0.40 F &
\\I‘
0.35 F "
Y
________________________________________ 1
0.30 F
o]
N
P 025F 2
=y 2 ",
0.20 N
3 et 2
0.15 | 2
0.10F 5 Ly 8
7 Lo
0.05F 9 15 7
o :
13 406 11
0 /78 13

Kl 3 ARREMRSRE n AL MR -5 S (8 LB P (SR BT M 2k, MEY R 52 2%)

Fig. 3. Comparison of calculated values and experimental values of magnetic moment shift of equal number cluster with n (dashed

lines for experimental value, full lines for model value).

FHEE v 7 PR e RT3 R 1Y 8 45 B RE Y
PALHL T ST R () R SARRAE S (AR 22 AR A 1,
X R AR S IE 2 RN R B4 A e ER
BRI AN TS —FIE A RE R E, BA
P —FPE. H & 5(a) M 5(b) AT LIF i, bl
F n A KA SR AL Z 1] 1) € = e % ] bR 2 (E 2 30
HH AT S IE R M TR S T 218 1 T R, Hh
IE 1 Rb 5 B -2 7 i L B A% 2 1 S8 %t
s HLFAO B KA FHREXT B 2E 2 BE R TRk n 20

PREL, SHIE 5, HIH T 5 i Z REHIBEY
LML N AR R R B ZE 2 e . I
AN R BA R —FF, [RIFE R B RE R A i A
FEAE 12 i 18] 5(a) M 5(b) () 5s B 72 )2 45
F 54NN 3s 7o 245 H P 1 ARSHARAR. n = 2
AR W R ST n =25 n = 3 ZMKK
2 S BRI IA]BR 2= (E o 1, s HGIE R, ANl i
HH R IR RS 1R  B Y IR v FL M B R 0T S5 R R
PR Y.
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§Rb, (I°=3-/2, J=1/2) E, AE, E,(I°P=57/2, J=1/2)  Rb,
(n, Fg, mrp) 1/n 1/3n 2/3n
101 20 2
09 F
. 1/3
0.8 o
07| (mr, Fg, n)
3 3 1
0.6 F
&) C
P C
1 05F2 4 4
— e r
= . Noe
| L =
= o4 - N
[3 6 6 A 6 6 2
03F z
5 “o
02L5 10 10 o 9 3
- \\/\jé\
F7 14 14 Loy 15 15 5
019 18 18 %) 21 21 7
raio22 22 /33 27 27 9
F13 26 26 e 33 33 11
1) S 39 39 13

4 BRI O 25 1 FE 2 RERE B n 7

AR A AT (5 S0 L B BT (SRR BT MR £, BERUAR T S £%)

Fig. 4. Comparison of calculated values and experimental values of Zeeman energy shift of equal-number hyperfine structures with n

(dashed lines for experimental value, full lines for model value).
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(a) 5s electron shell level structure of $Rb,,;

Fig. 5.

J34b, B 5(a) FIIE 5(b) AT W] B F, BR
'Rb, 5 ¥Rb,, 5s HLHL T /245 ERRRT 542
Py —E (BRI, BEEA 3/2 B LIS
EE SRS I G NE S T8

5 EEMERARRNEE T
5.1 HIENBE

WA A7 2R T I REAE /2 T /3 22 1]
HH2Z 33.33%, &2 RES ] R AH 22 33.33%, P
Ji 7 AR AN B ORI I G R 2 S 5 26 A2 BRI
B 22 7 0 S R 5 4 A A% B BEFFOG, iz A TiER /I

0.20
(b)
0.15
- 1s
T 0.10f 1p
m
3
§ 0.05
1g 2d3s 1h
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i); (b) ¥Rb, 55 1 T 2 BE 45 1

(b) 5s electron shell level structure of ¥Rb,,.

FIPE O T Ah T Bk F S AL RE SN AN T RE S,
BRI 2R ST Rb BYEHE 37 AT B AL TE A% 40
K1 2P F1 1£5 ) ﬁ%éﬁi SCHk [23] 8, XA

RERZ MIAETE ER I RB S 4 B9 B, SRR R %
75 N = 48, 50 %z&&%)%’lﬂ%m@&ﬁi&
BEHAK.

52 REHLEEMRESZER

Xof AR O A P SERE | R RS | ST
FEFTARIC, WA 6(a) FIE 6(b) Bz . KOG .o
IR AL Y TG FERERR A CC, BT 1% 3 2 58 B2
IIFRN MC, A Ef R SERR N BCM, SE5 A AN IS
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Fig. 6. (a), (b) Diagrams of relative frequency shift of equal-number cluster Rb,,, ¥Rb,,.

SR MRS TR ) PR AR O 6 B SEEE CC L
PR G S8 AR 3R R A L TR T
1M EZE X I MC i B 2 BSR4 37 /N8I KA
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A%, WANARE AN A

W B 1A L5 B S RIS 1) A, FRZ
J ) A SERE BCT, X KiEsE T 328 K iR
FEPREIE T BRI, IESE BC 5 BER -5 3 AR G
KM BC ATBERE (52) B DU S8 CC #% T8
e NS

ASUALK n = 1, 5, 7, 9 BRI R &R TG
DXk CC. ¥ e 58 BC fERL R 2.376257—
4.752514 G o Bl N #EAT T 4 1A EE U i, XF T
n BOHABME A TE S, T 5Rb,, Rb, Yailk & &
n =11, 13 BHE S KIGAZ M EME, HANAFIE
. FEREI VRN, n=1,5,7, 9 i CC f1J~
ZHGTE SR BC WLk 7.

MNETHLUEHN, n=7TEKERE, CCgy/
CCyg; = 0.46, BCy;/BCqgy = 1.57, ] n = 7 7EH:
HOE AL 5s BLHL IG5 n = 8 &K [F
Bt AT EE H) no = 1 B S"Rb, Rb P [ & Ji -+
HLOD IR S CC 22 53T 20%, AR —F 1
BC Je B toh 1.59, 22 580 B 5w, BRI T
B [FIRE H P 2548, T SEBr_ IR R A L REZ
SRR KX, n =5, 9WH CC 5 BC 5
n = 1H1%Rb, ¥Rb K 25 A KM ZA4b. L4
RAAIER S7Rb,, I Rb,, B HL T REH S5 A R AR,

PRLA T (RIS ZE 1) ns FLF- Z LN BB IR BT 55 1 47
i AT 1Y S0 v in 2R R A I 21 B 5K
1 (*"Rb*Rb), & LHERIAFTE, T HBEFEIR A [
R IFNZE IR R 20 46 B — [R5 2R I R A A

i CC il BC £l R ] 5"Rb,,, °Rb,, M
A 3 28 SE B G I AT B3 ) S R &R
T B o3 S RS TR T B, 76 0 1 S5 Y
I S B — AR FALASTE A B, FH BRI IESE T
$Rb, Rb J& B BT+ 5 %k 48 3¢ 50 4%
FIG S T A% 7 )2 A ke, By A LT
¥se J2 A T PR AS [ 26 A 10 g 5 A% AR T
255, AIREGBHEN TR 29,

® T OSLEE SRb,, $Rb, ST O SR

STz 58 BC
Table 7. Spectral center frequency width CC and
average width BC of %Rb,, %Rb,, measured by ex-
periments.

n 1 5 7 9

1/2 CCy/kHz 7852  19.22 7.92 8.73
1/2 CCgs/kHz 9834 24.84  17.06  12.41

CCy7/CCl; 0.80 0.77 0.46 0.70
BCy,/kHz 81275  167.60 11640  89.10
BCg;/kHz 51055 11351 7435  58.63
BCy;/BCg; 1.59 1.47 1.57 1.48

TE: SRR 1 /2 COIRFLIRIA Y~ 0 o b 70~ R 73 X 1o
B PR Y SR TE.

6 % it

1) SR B R RS R AT T TRb,,
R, 7 7 516 T 19 {1 % AL "R, SRb,
SRR BRI RIS I 5 B o,
FLI 53U T4 0 3 MR R G, (R
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Abstract

Because of the difficulty in measuring the cluster isotope displacement and identifying its cause, the
resonance dissociation spectra, the moment shift and Zeeman energy shift of isotope cluster 8%Rb,, (n = 1, 2,
3, -, 13) are obtained by the combination of optical magnetic resonance and thermal dissociation techniques in
this study. The quantitative calculation is carried out based on the conceptual model of the giant atom, and the
results are in excellent agreement with the measured results, which shows that rubidium clusters can be
analyzed as giant atoms. Furthermore, 5s electron shell level structures of the rubidium cluster 57*Rb, (n = 1,
2, 3, -+, 92) are calculated by using Zeeman level interval model. It is found that the main order and step
distance of the 5s electron shell structure are similar to those of 3s single electron shell structure of sodium
cluster in spherical symmetry. It is confirmed that the structure of the 5s electron shell of the rubidium cluster
is determined by the largest energy gap in total Zeeman levels and the characteristic peaks of odd and even
alternating and anomalous magnetic moments of special numbers such as n = 2 are caused by the intrinsic
properties of electrons and molecular structures. It is also found that 8’Rb,, level shell structure and ¥Rb,, level
shell structure strictly conform to the ratio of 3/2 magnitude relationship, and that there are abnormal
differences in spectral center frequency and broadening, which may be directly related to the $87Rb nuclei close

to the shell closure.

Keywords: isonumber cluster, isotope effect, quantized magnetic moment shift and Zeeman energy shift,

giant atoms and electron shell structure
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