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The dc-Stark shift of the magnesium 3s2( ~So)-3s3p(3P~ ) line is measured by subjecting both arms of an atom interferometer 
to a constant electric field. In this interferometer based on Ramsey's method of separated oscillating fields each arm is uniquely 
associated with either the upper or lower state of the intercombination transition, so that the Stark energy perturbation provides 
two different potentials in the two arms of the interferometer. The resulting relative phase shift corresponds to a difference of 
-(8.0_+ 1.0) kHz (kV/cm) -~ in the polarizabilities of the ~So and the 3P~( I ml = 1 ) states, in agreement with a theoretical 
calculation. 

1. Introduction 

Atom interferometry  is fast becoming a powerful  
method  for s tudying fundamenta l  effects of  physics. 
(For  a recent overview see ref. [ 1 ]. ) The main  ad- 
vantages of  a tom interferometers  compared  to light 
and other  mat ter-wave interferometers  are a conse- 
quence of  the rich internal  structure and the higher 
rest mass of  atoms. Energy shifts of  the a tomic  levels 
caused by electromagnet ic  interact ions can lead to 
potentials  that  influence the mot ion  o f  the separated 
wave packets,  thus causing fringe shifts in the inter- 
ferometer signals, e.g., the ac-Stark shift of  the atomic 
ground state caused by a non-resonant  laser field has 
been measured  in this way [2,3].  

One interferometer  type particularly suited to make 
full use of  all the advantages of  a tom interferometry  
is the Ramsey  Interferometer  [2,3].  In sec. 2 a short  
review of  its proper t ies  will be given. We have used 
our Mg Ramsey In ter ferometer  to measure  the dc- 
Stark shift of  the Mg in te rcombina t ion  line. This ex- 
per iment  is descr ibed in sec. 3. The exper imenta l  re- 
sult is compared  with theoret ical  calculations.  After 
taking into account the theoret ical  results for the 
ground state polar izabi l i ty  it yields an accurate value 
for the polar izabi l i ty  of  the 3s3p (3P~) excited state. 

The relevance of  this work with respect to an op- 
tical frequency s tandard  based on the Mg intercom- 

b ina t ion  t ransi t ion and for other interferometr ic  ex- 
periments ,  part icularly effects of  the A h a r o n o v -  
Bohm type [4,5],  will be explained in sec. 4. 

2. The magnesium Ramsey interferometer 

In the exper iment  described here a thermal  Mg 
atomic  beam is crossed perpendicular ly  by two pairs 
of  travell ing laser beams. This setup, which has been 
used for optical  Ramsey spectroscopy for quite some 
t ime [6] ,  was recently recognized as an a tom inter- 
ferometer  [7].  A detai led explanat ion is given else- 

where [2 ]. 
In brief, each interact ion zone between laser and 

atomic beams acts as a beam spli t ter  for the a tomic 
wave. The a tom either absorbs or s t imulatedly emits  
a photon with a given excitation probabil i ty (e.g. 50% 
for a n /2  pulse) ,  gaining or loosing the correspond- 
ing photon  momentum.  This process splits and later 
recombines the atomic wave function coherently. As 
shown in fig. 1, two different closed trapezoidal  paths 
are possible. They correspond to the blue (A)  and 
the red (B)  recoil components  of  the spectroscopic 

signal. 
Int roducing a potent ial  V into one arm of  the in- 

terferometer  influences the mot ion  of  the corre- 
sponding atomic wave packet,  e.g., in a potent ial  val- 
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Fig. 1. Experimental setup. The interaction between the laser beams and the atomic beam creates two Mach-Zehnder type interferome- 
ters, A and B. The population in one exit port is measured by counting the fluorescence of the excited state (cross-hatched) with a photo 
multiplier (PM). A magnetic field B helps to select the mx=0 sublevel. The Stark effect leads to a potential V(x) for the atomic wave 
packets in the region between the capacitor plates. 

ley the wave packet  will be accelerated towards  the 
m i n i m u m  and then decelerated on the way out. This 
leads to a longi tudinal  advance Axv o f  this part  of  
the wave packet  compared  to that  in the other  arm 
of  the interferometer .  Using Ehrenfest 's  theorem in 
the approx imat ion  that  V is small  compared  to the 
total  energy E of  the atom, Axv can be calculated to 
yield: 

lj 
AXv = - ~-~ V ( x )  d x .  ( 1 ) 

This leads to a phase shift in the interference pat tern.  
More  significant, however,  is the fact that  Axv i s  gen- 
erally much larger than the coherence length of  the 
thermal  a tomic  beam. Thus at the exit por t  inter- 
ference is lost. As expla ined in ref. [2] ,  a detuning 
of  the laser frequency results in a relat ive spatial  dis- 
p lacement  between the wave packets  in the two arms 
of  the interferometer ,  which allows the d isp lacement  
caused by the potent ia l  to be compensated.  Maxi-  
m u m  contrast  o f  the interference signal can be re- 
s tored by changing the laser frequency by an amount  
Au given by A u = - A x v E / h D  [2] .  D denotes  the 
separat ion between co-propagat ing laser beams as 

shown in fig. 1, h is Planck 's  constant.  The potent ial  
V and the frequency shift Au are related by 

, f  
A u =  2hD V ( x )  d x .  (2)  

The shift Au is the averaged line shift along the path 
of  the atom. 

3. Measurement of the dc-Stark shift 

3. I. Exper imen t  

Applying an electric field ~ to the arms o f  the 
Ramsey  Interferometer  influences the internal  en- 
ergy of  the a toms through the dipole  interact ion er~. 
Since the a tom enters the electric field slowly com- 
pared to its internal  t ime scale this leads - analogous 
to the B o r n - O p p e n h e i m e r  approximat ion  - to a po- 
tential  V for the external motion.  For  the Stark ef- 
fect, V is given through the atomic polar izabi l i ty  a :  

V ( x )  = - ½ a  ¢ ( x )  2 . (3) 

We have placed a capaci tor  between two co-prop- 
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agating laser beams as shown in fig. 1. In addition to 
the electric field there is a magnetic field parallel to 
the atomic beam direction across the interferometer 
region. It serves to separate the magnetic sublevels 
of  the excited state. With the polarization of  the laser 
beams parallel to the magnetic field, the interfero- 
meter is only utilizing the Amx= 0 transition. Note 
that with regard to the perpendicular electric field in 
the y-direction, the atoms in the excited state are in 
a coherent superposition of  my= + 1 states. 

The capacitor has a length of  5.0 mm in the di- 
rection of  the atomic beam, and the separation be- 
tween the two plates is 1.9 mm. The distance D be- 
tween the laser beams is 8.6 mm. The electric field 
extends across both arms of  the interferometer. Since 
the separated atomic wave packets are in different 
internal states in this part of  the Ramsey Interfero- 
meter, they experience different Stark shifts. The re- 
sulting potential difference leads to a relative spatial 
shift of  the wave packets which in turn - as ex- 
plained in the previous section - causes the envelope 
of  the Ramsey fringes to shift in frequency space. 
Figure 2 shows typical examples for both Ramsey 
fringes of  the uninfluenced interferometer (top 
curve) and shifted fringes with a voltage U o f  1.4 kV 
across the capacitor plates (bot tom curve).  Each 
fringe pattern is a combinat ion of  the two recoil 
components  separated by 79.5 kHz. The recoil com- 
ponents show about 1.5 fringes whose periodicity of  
50 kHz is determined by the distance D between the 
laser beams and the mean atomic velocity [ 8 ]. Each 
data point was taken with an integration time of  1.4 
S. 

The fringe pattern with the voltage applied is 
shifted by an amount  A v = 8 2  kHz, which is more 
than two fringe periods. There is a slight reduction 
of  fringe amplitude noticeable in the bot tom curve 
of  fig. 2. This is due to the fact that with the laser 
detuned 82 kHz from resonance the excitation prob- 
ability is reduced. In terms of  interferometry this 
means that the beam splitting ratio of  the lasers has 
become worse. 

We have measured frequency shifts for several 
voltage settings including both polarities on the ca- 
pacitor plates. The results are presented in fig. 3. We 
have numerically calculated the electric field distri- 
bution of  the capacitor including fringe fields and 
performed the integration of  the potential in the re- 
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Fig. 2. Interference fringes with (bottom) and without (top) a 
voltage of U= 1.4 kV on the capacitor plates. The signal of the 
photomultiplier is shown with the incoherent background (Lamb 
dip) subtracted. The line connects the data points. 

gion between the two laser beams (eq. (2) ) .  A nu- 
merical evaluation of  the electric field is important  
since the rather small ratio of  length to distance of  
our capacitor increases the total field integral by 
roughly 20% compared to the case with no fringe 
fields. We thus deduce a difference in the polariza- 
bilities of  the 3s2(lSo) and the 3s3p(3pb Irnl = 1 ) 
states of  

ot(3pl)_Ot(JSo)=8.0_+l.0kHz ( kV/cm)  -2 . (4) 

The main contributions to the error are statistical 
uncertainties in the fitting of  our data as in fig. 3 
(10%), plus our incomplete knowledge of  the field 
distribution (5%). Systematic errors caused by any 
residual drift of  the laser have been minimized by 
taking data at each laser frequency consecutively with 
and without the electric field. Misalignement of  the 
electric and magnetic fields is estimated to be less 
than 5 ° corresponding to a maximum error of  less 
than 1%. 

A related experiment has been performed by Haun 
and Zacharias [9].  They used Ramsey's  original 
method of  two separated oscillating if-fields to mea- 
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Fig. 3. Frequency shift of the interference pattern versus voltage 
across the capacitor. The line is a parabolic fit whose linear and 
constant coefficients are zero within our experimental accuracy. 

sure the Stark effect on the cesium-133 hyperfine 
structure. 

3.2. Theoretical discussion 

To our knowledge no previous measurements for 
magnesium of  either polarizabilities or line shifts due 
to electric fields have been reported in the literature. 
There are several theoretical calculations of  the po- 
larizability of  the ground state, the most accurate 
yielding o~(~So)=(17.7_+0.4) kHz (kV/ e m )  -2 
[ 10]. Bava et al. [ 1 1 ] have performed a summation 
of  oscillator strengths both within the singlet and 
triplet system to estimate the effect o f  black-body ra- 
diation on the intercombination line and on sub-mm 
transitions within the 3p fine structure multiplet. For 
the intercombination transition their claimed accu- 
racy was only to the order of  magnitude, because the 
underlying data sets of  oscillator strengths came from 
different sources and could not he expected to agree. 

We have repeated those calculations, using the 
same data for the oscillator strengths [ 12 ] and tak- 
ing into account the fact that in the experiment de- 
scribed here the 3pl-state is in m =  + 1 sublevels. We 

calculate a polarizability of  a ( 3 p l ,  m = + 1 ) = 24 + 2 
kHz ( k V / c m )  -2. Together with the value for ol(~S0) 
we thus arrive at a theoretical estimate for the dif- 
ference in polarizabilities of  6 .3+2 .0  kHz (kV/  
cm) -2, which is to be compared with the experi- 
mental value (eq. (4) ) .  

The two results agree within their estimated er- 
rors. We have thus established a connection between 
empirical values for the singlet and the triplet system 
and validated the result of  Bava et al. I f  one accepts 
the theoretical result for the ground state polariza- 
bility as fairly accurate, this measurement can be used 
to derive a value of  polarizability of  the 3P l ( m :  + 1 ) 
excited state or the corresponding element of  the po- 
larizability tensor. The value is OL(3pI, m =  -}- 1 ) = 
25.7+ 1.1 kHz (kV/cm)  -2, with the error resulting 
from the uncertainties in the theoretical and the ex- 
perimental value. 

4. Applications for a possible Mg optical frequency 
standard and atom interferometry 

Due to the highly sensitive dependence of  the 
Ramsey Interferometer fringes on the laser fre- 
quency this setup is being investigated as a candidate 
for an optical frequency standard [13,2].  In this 
context stray electric fields would degrade the qual- 
ity of  the frequency reference. From our measure- 
ment of  the Stark effect of  the Mg intercombination 
transition we can deduce that the influence of  elec- 
tric fields can easily be suppressed to values negli- 
gible for ultra high precision spectroscopy. This holds 
true even for experiments using trapped atoms, where 
a linewidth of  a few ten Hertz is expected [ 14 ]. For 
instance, stray electric fields with a magnitude of  1 
V /cm would lead to frequency shifts of  4 mHz. 

Several authors have pointed out the intriguing 
possibility of  measuring the Aharonov-Casher  effect 
(ACE) with an atom interferometer [ 15,16,1 ]. Such 
an experiment requires placing an electric field across 
the arms of  the interferometer, too. For the Ramsey 
interferometer one has to consider the large fringe 
shifts associated with the Stark effect in addition to 
ACE phases. From our result, one can estimate that 
for thermal velocities and moderate to high field 
strength the ACE results in a phase shift that is at 
least one million times smaller than the Stark phase 
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shift. O n e  possible  so lu t ion  is to ex tend  the electr ic  

field into the in te rac t ion  regions with the laser beams.  

In this case the  A C E  wou ld  be de tec tab le  as a fr inge 

shift  re la t ive  to the dc-Stark  shi f ted  i ncohe ren t  

background .  

F u t h e r m o r e ,  wi th  the  se tup o f  fig. 1 the  Stark ef- 

fect  can be used  advan tageous ly  to p e r f o r m  a scalar  

A h a r o n o v - B o h m  e x p e r i m e n t  s imi la r  to the  one  per-  

f o r m e d  by A l l m a n  et al. [ 17 ] wi th  neut rons .  Local-  

ized and ve loc i ty  selected wave  packets  can  be cre- 

a ted  using pulsed  exc i ta t ion .  App ly ing  a vol tage to 

the capac i to r  only whi le  such an a t o m i c  wave  packe t  

is present  be tween  the e lec t rodes  is expec ted  to result  

in a d ispers ion- f ree  phase shift  o f  the  in te r fe rence  

signal. We plan to conduc t  a co r r e spond ing  exper i -  

ment .  

5. Summary 

We have  r epo r t ed  an a t o m - i n t e r f e r o m e t r i c  mea-  

s u r e m e n t  o f  the  Stark shift  o f  the  Mg in t e r combi -  

na t ion  t rans i t ion .  Th is  is a new app l i ca t ion  o f  a t o m  

in t e r f e rome t ry  for  m e a s u r i n g  in te rna l  a t o m i c  quan-  

ti t ies.  I n t roduc ing  electr ic  fields in to  an a t o m  inter-  

f e r o m e t e r  is a very  s imple  way to br ing  about  phase  

changes.  Also it a l lows d i rec t iona l ly  sensi t ive ,  i.e. 

vec to r  in te rac t ions  to be s tudied.  We were  able to 

prepare  the  a toms,  so that  the m_+ 1 par t  o f  the po- 

lar izabi l i ty  o f  the  exci ted  state cou ld  be measured .  

O the r  c o m p o n e n t s  o f  the po lar izab i l i ty  t ensor  can  be 

m e a s u r e d  in the  future.  

F r o m  our  m e a s u r e m e n t  we can deduce  that  stray 

electr ic  f ields and  b lack-body  r ad ia t ion  will  not  have  

a s ignif icant  effect  on the qua l i ty  o f  an opt ica l  fre- 

quency  s t anda rd  based  on the  Mg  i n t e r c o m b i n a t i o n  

t rans i t ion .  The  re levance  o f  this work  towards  Ahar-  

o n o v - B o h m  type expe r imen t s  has been  po in t ed  out.  
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