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LASER SPECTROSCOPY OF H I G H  RYDBERG STATES OF LIGHT ALKALINE-EARTH 

ELEMENTS: Be AND M y  

R. Beigang, D. Schmidt and P . J .  West 

I n s t .  f. Atom- und Festkb'rperphysik, FU Berlin, 1000 Berlin 33, F.R. G. 

R6sum6 - Les s 6 r i e s  de Rydberg des con f igu ra t ions  6 l ec t ron iques  
msns e t  msnd o n t  6 td  6 tudi6es  e n t r e  l e s  nombres quantiques p r in -  
cipaux 10 5 n 5 70 pour Be (m=2) e t  Mg (m=3). Les 6 t a t s  de 
Rydberg o n t  6 t 6  peuplds a l ' a i d e  d 'une e x c i t a t i o n  en 6chelon 
ou d 'une t r a n s i t i o n  d i r e c t e  a deux photons avec des  l a s e r s  2 
colorant pu l s6s  doubles en  frequence (235 nm 2 A < 330 nm) . Les 
atomes de Rydberg e x c i t 6 s  o n t  6 t6  d6 t ec t6s  avec une diode the r -  
mo-ionique fonc t ionnant  en r6gime de charge d 'espace .  L 'ana lyse  
2 l ' a i d e  de l a  t h6o r i e  du d6faut  quantique 21 p l u s i e u r s  vo i e s  
des s 6 r i e s  de Rydberg dans Be e t  Mg a condui t  2 l a  d6termi- 
na t ion  des  m6langes des 6 t a t s  mp2 1 ~ 2  avec ceux de l a  s 6 r i e  
msnd ID2. 

Abs t rac t  - Rydberg s e r i e s  of msns and msnd con f igu ra t ions  of 
Be(m=2) and My (m=3) were i nves t iga t ed  between p r i n c i p a l  quan- 
tum numbers 10 5 n 5 70. The Rydberg s t a t e s  were populated 
using s tepwise e x c i t a t i o n  o r  d i r e c t  two-photon t r a n s i t i o n s  wi th  
frequency doubled l i g h t  (235 nm 5 A < 330 nm) from pulsed dye 
l a s e r s .  The exc i t ed  Rydberg atoms were de tec ted  wi th  a  space 
charge l i m i t e d  thermionic diode.  An a n a l y s i s  of t h e  Rydberg 
s e r i e s  both  i n  Be and M g  by means of multi-channel quantum- 
d e f e c t  theory (MQDT) r e s u l t s  i n  t h e  determinat ion of mp2 1 ~ 2  
admixtures i n  msnd 1 ~ 2  s t a t e s .  

I. INTRODUCTION 

Extensive i n v e s t i g a t i o n s  of high Rydberg s t a t e s  of t h e  a lka l ine -ea r th  
elements Ca, Sr  and Ba have been c a r r i e d  o u t  over t h e  p a s t  yea r s  us ing  
var ious  spec t roscopic  methods ( s ee  e .g.  / l - 5 / ) .  The a n a l y s i s  of even 
and odd p a r i t y  Rydberg s e r i e s  by means of an extended Rydberg-Ritz 
formula o r  a  more s o p h i s t i c a t e d  multi-channel quantum-defect theory 
(MQDT) r e s u l t e d  i n  t h e  determinat ion of con f igu ra t ion  i n t e r a c t i o n s ,  
s i n g l e t - t r i p l e t  mixing and accu ra t e  i on i za t ion  l i m i t s .  I n  t h e  ca se  of 
t h e  l i g h t  a lka l ine -ea r th  elements Mg and Be t h e  !nowledge of high Ryd- 
berg s t a t e s  is  incomplete. For Mg only t h e  3s3p s e r i e s  is  known up 
t o  high p r i n c i p a l  quantum numbers /6/ whereas a l l P d t h e r  s e r i e s  l i k e  
3sns,  3snd and 3snf a r e  no t  t abu la t ed  f o r  quantum numbers higher  than 
25. I n  Be no 2snl  Rydberg s t a t e  was ever  measured above n=12. The 
knowledge of t he se  s t a t e s ,  however, i s  d e s i r a b l e  e .g.  f o r  as t rophys i -  
cists and atomic t h e o r i s t s  because Be and My a r e  t h e  l i g h t e s t  a lka l ine -  
e a r t h  elements and a b  i n i t i o  c a l c u l a t i o n s  of energy l e v e l s  and wave 
func t ions  seem f e a s i b l e .  
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The determinat ion of complete Rydberg s e r i e s  a l s o  al lows f o r  t h e  in-  
v e s t i g a t i o n  of con f igu ra t ion  i n t e r a c t i o n s  between d i f f e r e n t  s e r i e s .  
Although t h e  s t r e n g t h  of pe r tu rba t ions  decreases  with decreas ing  atomic 
weight r .Be  and Mg e x h i b i t  marked dev ia t i ons  from t h e  r e g u l a r  behavior  
of Rydberg s e r i e s .  In  c o n t r a s t  t o  Car S r ,  and Ba where t h e  Rydberg 
s e r i e s  a r e  mainly perturbed by doubly exc i t ed  s t a t e s  o r i g i n a t i n g  from 
t h e  open d - she l l ,  t h e  dominating pe r tu rbe r  i n  Be and Mg i s  t h e  mp2 con- 
f i g u r a t i o n .  I n  p a r t i c u l a r  t h e  msnd I D  s e r i e s  is s t rong ly  perturbed by 
t h e  mp2 I D  l e v e l .  A MQDT a n a l y s i s  w i ? l  be presented  which determines 2 t h e  admixtures of t h i s  s t a t e  i n t o  t h e  1~~ s e r i e s .  

11. EXPERIMENTAL 

From t h e  m s 2  'S ground s t a t e  an energy gap of 75  000 cm-' and 6 1  000 
cm-l has t o  be gridged t o  e x c i t e  high l y i n g  Rydberg l e v e l s  f o r  Be and 
Mgr r e spec t ive ly .  The r e l e v a n t  p a r t  of t h e  energy l e v e l  diagrams is  
shown schemat ica l ly  i n  Figs.  la and b. I n  t h e  ca se  of Mg a d i r e c t  two- 
photon e x c i t a t i o n  was chosen t o  populate  even p a r i t y  msns and msnd 
Rydberg s t a t e s .  For Be t h e  vapor dens i ty  achieved i n  t h e s e  experiments 
was t o o  low t o  al low f o r  t h e  de t ec t ion  of two-photon t r a n s i t i o n s .  
Therefore t he  Rydberg s t a t e s  were exc i t ed  with s tepwise t r a n s i t i o n s  v i a  
t h e  2s2p IP? in te rmedia te  l e v e l .  I n  bo th  ca ses  t h e  r equ i r ed  uv rad ia-  
t i o n  was provided by frequency doubled l i g h t  of pulsed dye l a s e r s .  The 
dye l a s e r s  were pumped with t h e  second o r  t h i r d  harmonic of a  Nd:YAG 
l a s e r  producing peak powers up t o  s eve ra l  10 k W  a t  a  l inewidth  of about  

Fig. l a  P a r t  of t h e  energy 
l e v e l  diagram of Be i l l u s t r a t -  
i n g  s tepwise e x c i t a t i o n  of 
2sns and 2snd Rydberg s t a t e s .  

F ig .  Ib P a r t  of t h e  energy l e v e l  
diagram of Mg with d i r e c t  two- 
photon t r a n s i t i o n s  t o  3sns and 
3snd Rydberg s t a t e s .  



0.1 cm-' between 450 and 660 nm. With a  s i n g l e  dye (Rhodamine 6 G )  and 
an angle  tuned KDP c r y s t a l  ( e f f i c i e n c y  10 % )  t h e  wavelength range 
from 322 t o  330 nm was covered, corresponding t o  t h e  energy range from 
60 600 cm-' up t o  t h e  i on i za t ion  l i m i t  of Mg us ing  two-photon t r a n s i -  
t i o n s .  For Be a second dye l a s e r  was necessary f o r  t h e  f i r s t  s t e p  t o  
t h e  2s2p l p l  in te rmedia te  l e v e l :  A s t i l b e n e  3 dye l a s e r  was frequency 
doubled a t  a  f i xed  frequency i n  a  KB5 c r y s t a l  producing 234.9 nm radia-  
t i o n  wi th  a peak power of s e v e r a l  kW. A second frequency doubled 
Rhodamine 6G l a s e r  was then  tuned t o  promote t h e  e x i t e d  Be atoms t o  
h igh  Rydberg s t a t e s .  A schematic diagram of t h e  experimental  s e t  up i s  
shown i n  Fig.  2. The metal  vapor was produced i n  a  s t a i n l e s s  s t e e l  
p ipe  which was heated t o  temperatures  between 500 OC and 1200 OC. The 
t y p i c a l  vapor pressure  used f o r  t h e  experiments was 50 t o  150 mTorr i n  
t h e  ca se  of M g .  A b u f f e r  gas of Ne a t  2-4 Torr p ro t ec t ed  t h e  c e l l  
windows. A t  t h e  maximum temperature obta inable  with t h e  simple hot  p ipe  
oven t h e  Be vapor p re s su re  was l imi t ed  t o  va lues  below 1 mTorr. There- 
f o r e  a  very s e n s i t i v e  de t ec t ion  method f o r  t h e  exc i t ed  Rydberg atoms 
was requi red .  We have used thermionic de t ec t ion  wi th  a  space-charge 
l imi t ed  diode.  The diode was formed by a s t a i n l e s s  s t e e l  w i r e  i n s e r t e d  
i n  t h e  c e n t e r  of t h e  p ipe  and nega t ive ly  b iased  (-0.5. ..- 2 V) through 
a l oad  r e s i s t o r  (10 ... l 0  kR). The s e n s i t i v i t y  of t h e  thermionic diode 
inc reases  wi th  decreas ing  energy d i f f e r e n c e  t o  t he  i o n i z a t i o n  l i m i t ,  
t hus  p a r t l y  compensating f o r  t h e  decreas ing  t r a n s i t i o n  p robab i l i t y .  The 
s e n s i t i v i t y  may be i l l u s t r a t e d  by t h e  d e t e c t i o n  of a ~ p i n ~ f o r b i d d e n  
t r a n s i t i o n  i n  B e .  Prom t h e  2s2 IS  ground s t a t e  t h e  2s2p PI l e v e l  was 
excited and de t ec t ed  with t h e  thegmionic diode al though t h i s  s t a t e  i s  
more than 50 COO cm-l below t h e  i o n i z a t i o n  l i m i t .  With t h i s  t r a n s i t i o n  
a s  t h e  f i r s t  s t e p  it should be poss ib l e  t o  popula te  and i n v e s t i g a t e  
a l s o  t h e  corresponding t r i p l e t  s e r i e s  i n  Be. 

A l l  s pec t r a  were c a l i b r a t e d  by means of Rb and CS r e f e r ence  p ipes .  

[ ~ e ;  Mg 
Diode+ Thermionic 

Marker Diode Diode 
Cavi t y 

U KDP 
l Dye Laser 

tunable 

Fig.  2 Experimental s e t  up. The f i xed  dye l a s e r  i s  only  used f o r  t h e  
s tepwise e x c i t a t i o n  of Be  Rydberg s t a t e s .  

I/ 1/ 
/ v U v v , 2 v /  
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Using known t r a n s i t i o n  wavelengths t h e  l e v e l  energ ies  i n  B e  and Mgwre 
determined wi th  an accuracy of about 3 . 1 0 - ~ . ~ o  i n t e r p o l a t e  between ad- 
jacent  c a l i b r a t i o n  l i n e s  we used t h e  t ransmiss ion  peaks of a Fabry- 
Pero t  interfermometer wi th  a f r e e  s p e c t r a l  range of 0.5 cm-l i n  t h e  
v i s i b l e .  

111. F33SULTS AND DISCUSSION 

Beryllium 

A t y p i c a l  e x c i t a t i o n  spectrum of 2snd ID2 Rydberg s t a t e s  c l o s e  t o  t h e  
i o n i z a t i o n  l i m i t  i s  shown i n  Fig.  3. The ID s e r i e s  w a s  resolved up t o  

2 p r i n c i p a l  quantum numbers n ?. 70. Due t o  t h e  lower t r a n s i t i o n  probabil-  
i t y  t o  2sns I so  s t a t e s  t h i s  s e r i e s  was only recorded up t o  n % 40. From 
t h e  experimental ly determined l e v e l  ene rg i e s  En t h e  quantum d e f e c t  6 
was determined us ing  t h e  Rydberg-Ritz formula 

E n = E .  - -  Ion 
(n-6) 

2 

where E ,  is t h e  i o n i z a t i o n  l i m i t  and R t h e  Rydberg cons t an t  f o r  Be. 
The res?i?P i s  shown i n  Fig.  4 .  I t  t u r n s  ou t  t h a t  t h e  2sns I s o  s e r i e s  i s  

I 1  l I I I 
75 130 75 160 

Be Energy [cm-'] 

Fig.  3 Stepwise e x c i t a t i o n  spectrum of 2snd 1 ~ 2  Rydberg s t a t e s  of Be. 
The upper t r a c e  d i s p l a y s  t h e  r e f e r ence  s i g n a l  obtained from a 
Rb pipe.  



Fig .  4 P l o t  of t h e  
quantum d e f e c t  6 
v e r s u s  p r i n c i p a l  
quantum number n .  
Closed c i r c l e s  and 
r e c t a n g l e s  a r e  own 
measurements. Energy 
l e v e l s  f o r  n 5 10 a r e  
t a k e n  from Ref. / 7 / .  

~ O O o O D O O ~ ~ w  

O 2 sns 'so 

10 20 30 
Principal Quantum Number n 

n o t  p e r t u r b e d  by o t h e r  s e r i e s  r e s u l t i n g  i n  an a lmost  c o n s t a n t  quantum 
d e f e c t .  The same ho lds  f o r  t h e  1 ~ 2  s e r i e s  f o r  high p r i n c i p a l  quantum 
numbers. Using on ly  energy l e v e l s  w i t h  n 2 15 t h e  i o n i z a t i o n  l i m i t  was 
determined t o  Eion = 75 192.64 ( 6 )  cm-'. I n  t h e  r e g i o n  of low p r i n c i p a l  
quantum numbers n t h e  2snd series is  h e a v i l y  p e r t u r b e d  due  t o  an 
i n t e r a c t i o n  w i t h  t h e  2p2 ID l e v e l .  I n  o r d e r  t o  determine t h e  amount 
of 2p2 admixture  i n  t h e  2snd 1 ~ 2  series we have performed a two-channel 
MQDT a n a l y s i s  w i t h  t h e  2pnp s e r l e s  a s  second channel .  Using MQDT param- 
e t e r  a s  l i s t e d  i n  Tab le  I t h e  2snd 1 ~ 2  series was f i t t e d  w i t h  t h i s  
s imple  two-channel model. The admixture  a s  a f u n c t i o n  o f  p r i n c i p a l  

Table  I 

MQDT-Parameter Be, D2 bound s t a t e s .  

2 snd 2 PnP 
--p . 

Is = 75192.64 cm-" I = 107125.22 cm-' 
P 

p, = 0.96471 v,2 = 0.54006 

The MQDT paramete rs  i n  Tab les  I and I1 a r e  d e f i n e d  i n  Ref./9/  e . g .  
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quantum number n  i s  shown i n  Fig. 5. The lowest bound ID2 s t a t e  con- 
t a i n s  almost equal  amounts of  2s3d (57 % )  and zp2 (43 % )  cha rac t e r .  
This s t a t e  w a s  c l a s s i f i e d  before  a s  2p2 'D2 /7 / .  Although a  c l e a r  
c l a s s i f i c a t i o n  wi th  a  s i n g l e  con f igu ra t ion  is  ques t ionab le ,  as al- 
ready claimed by Lu /10/,  t h e  l a b e l  2s3d I D 2  seems more app rop r i a t e  
f o r  t h i s  s t a t e  according t o  t h e  MQDT analysis. 

2  1 Fig.  5  Admixture of 2p D2 
cha rac t e r  i n t o  t h e  2snd D2 
s e r i e s  of Be. 

Principal Quantum Number n 

Magnesium 

In  Mg t h e  3snd 'D2 s e r i e s  was resolved up t o  p r i n c i p a l  quantum numbers 
n = 4 5 .  The o t h e r  even p a r i t y  Rydberg s e r i e s  which could be exc i t ed  v i a  
two photons from t h e  ground s t a t e ,  t h e  3sns IS s e r i e s ,  has a  t r a n s i -  
t i o n  p r o b a b i l i t y  of one order  of magnitude smayler than t h e  ID s e r i e s .  
Therefore only s t a t e s  wi th  maximum p r i n c i p a l  quantum number n=20 were 
recorded. The d i f f e r ence  i n  t r a n s i t i o n  p r o b a b i l i t y  i s  i l l u s t r a t e d  i n  
Fig.  6 .  The p l o t  of t h e  auantum d e f e c t  6 a s  a  func t ion  of n  again 
c l e a r l y  shows t h a t  both fs0 and ID2 s e r i e s  a r e  no t  perturbed above nz15 
(Fig. 7) comparable t o  Be. Below n 10 t h e  3snd ID2 s e r i e s  i n t e r a c t s  
with t h e  3p2 1 ~ 2  l e v e l .  The l e v e l  energ ies  can be f l t t e d  wi th  a  two- 
channel MQDT a n a l y s i s  us ing  t h e  3pnp s e r i e s  a s  second channel.  The 
MQDT parameter a r e  l i s t e d  i n  Table II.D$he dominant admixtures occur  
i n  t h e  low 3snd s t a t e s  wi th  a  maximum of 12 % i n  t h e  3s3d 1 ~ 2  s t a t e  
whereas f o r  higheE2 I D  s t a t e s  t h e  admixture decreases  r a p i d l y  a s  shown 
i n  F ig .  8. The r e s u l t 8  a r e  i n  q u a l i t i t a t i v e  agreement wi th  MCHF ca lcu-  
l a t i o n s  of  Froese-Fischer /8/ with  a  c a l c u l a t e d  maximum admixture of 
21-7 % f o r  t h e  3s3d 1~~ s t a t e ,  however. 

The behavior of Be and Mg Rydberg s e r i e s  i s  very s i m i l a r  wi th  r e spec t  
t o  t h e  pe r tu rba t ions  by t h e  mp2 conf igura t ion .  The s t r e n g t h  of i n t e r -  
a c t i o n  decreases  when going from Be t o  Mg. This  t r end  cont inues  i n  t h e  
heavier  a lka l ine -ea r th  elements where con f igu ra t ion  i n t e r a c t i o n s  wi th  

mp2 term cause only  l oca l i zed  pe r tu rba t ions .  



L I - Mg Energy 

Fig. 6 Two-photon excitation spectrum of Mg. The middle trace shows 
the transmission fringes of the Fabry-Perot interferometer. 

Fig. 7 Plot of the quantum 
defect 6 versus principal 3sns ISo 
quantum number n. 
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Table I1 

MQDT-Parameter Mg, 1 ~ 2  bound states. 

3 snd 3 P ~ P  

Principal Quantum Number n 

Fig. 8 Admixture of 3p2 1 ~ 2  character in the 3snd series of Mg. 

This work was supported by the Deutsche Forschungsgemeinschaft, Sfb 161. 
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