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QUANTUM BEATS IN CONTINUOUSLY EXCITED ATOMIC CASCADES 
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We report on  the observation of strong Zeeman beats in the temporal correlation between the two photons emitted in 
the 4p2 ' So -. 4s 4p  'PI  -. 4s2 l So cascade in calcium. These beats result from a quantum interference between the various 
decaying channels. Unlike usual quantum beats, they are observed with a continuous excitation of the upper level. 

1. Introduction 

When several quantum paths connect two given 
energy states of a system, it is well known that inter- 
ferences between these paths may cause "quantum 
beats" in the evolution of observables of the system 
[ l ] .  In atomic physics, such a phenomenon has been 
observed for a long time, for example by sending a 
resonant laser pulse on an atom with an upper level 
le) composed of several non-degenerated sublevels 
Jei) [2]. Fluorescence light may then be modulated 
at Bohr frequencies of lei) levels; this results from in- 
terferences between the various "absorption-emission" 
channels through each Jei). A second possible inter- 
pretation of this effect consists in saying that the la- 
ser pulse initially prepares the atom in a coherent 
superposition of lei) levels; the evolution of these . 
"coherences" in the following of the process then in- 
volves Bohr frequencies of the different Jei) levels, 
and this produces the modulation of the fluorescence 
light. 

In this paper, we report the experimental observa- 
tion of another type of atomic quantum beats, occur- 
ing in the emission of two photons in a 3-level atomic ' cascade e -+ r -+ g, where the intermediate state ir) is 
split into several sublevels Iri) with different energies 

C 
(see fig. 1). The various decaying channels from le) to 
Ig) via different intermediate levels Iri) interfere and 
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Fig. 1. Interfering decaying channels in an atomic cascade. 
The indicated level configurations are those of the calcium 
cascade actually used in Our experiment. 

this leads to a modulation with T of the function 
P(vl : t ;  v2 : t + T), defined as the joint probability of 
detecting a photon v l  at time t and a photon v2 at 
time t + T. 

A key point of this type of quantum beats lies in 
the fact that they can be observed with a continuous 
excitation of the upper level le). One can say that the 
first photon detection process prepares the atom in a 
coherent superposition of levels Iri) (replacing thus 
the laser pulse of usual quantum beats). 

The subsequent evolution of the atom then in- 
volves the Bohr frequencies of the states Iri), which 
are reflected in the modulation of the fluorescence 
v2. In this point of view, the comparison between con- 
ventional quantum beats and these cascade beats raises 
some interesting features. In conventional quantum 
beats experiments, the excitation pulse has to be 
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short enough in order not to wash out the quantum 
beats. Here, such a problem does not arise since the 
preparation of the atom in the intermediate levels Iri), 
via spontaneous ernission of photon vl ,  can be con- 
sidered as a percussional process (more precisely, the 
analogous of the laser pulse duration is the inverse of 
the bandwidth of the frequency filter selecting photon 
vl ,  i.e. less than 10-l3 s). Aiso, in usual quantum 
beats, one selects the excited coherences by a choice 
of the polarization of the laser pulse. Here, a similar 
role is played by the choice of the polarization for 
the detection of the first photon vl. 

Aithough they have been predicted long ago [3], 
there are a very small number of experimental obser- 
vations of such effect [4] *'. For the experiments 
that we know in atomic physics [4], the observed 
beats had a visibility much smaller than the value 
theoretically achievable, mainly because of weak sig- 
n a l ~  implying hundreds of hours of data accumula- 
tions. 

In the experiment reported in this paper, we have 
used a very efficient continuous source of pairs of 
photons emitted in a J = O -t J = 1 -t J = O cascade in 
calcium (see fig. l), giving a t h e  delayed coincidence 
spectrum (i.e.: P(vl, t : v2, t + 7) averaged on t), with 
a good signal-to-noise ratio, in a few minutes. We 
have observed good visibility quantum beats, when 
the Zeeman sublevels of the J = 1 intermediate state 
are separated by an external magnetic field. The sig- 
nal-to-noise ratio was good enough to allow an accu- 
rate comparison with the theoretical predictions, for 
various configurations of the magnetic field and of 
detecting polarizations. A Q.E.D. calculation of the 
observed beats is given in the appendix. 

2. Experimental set-up 

The upper 4p2 so level in calcium is populated 
by continuous two-photon excitation, from a single- 
line krypton ion laser (AK = 406 nm) and a tunable 
Rh 6G dye laser (AD = 58 1 nm). The two lasers are 
focused on a calcium atomic beam, the interaction re- 
gion being roughly a cylinder 0.5 mm long and 70 pm 
in diameter. A typical density in the atomic beam is 

*' Such beats have also been obsemed in nuclear 7 cascades. 
See for example ref. 151. 

2 X 10'' atoms/cm3, low enough to prevent any sig- 
nificant radiation trapping or Faraday effect in Our 

.I 

experimental conditions. The rate of emission of the 
cascade (hl = 55 1 nm, h2 = 422 nm) is about 2 
X 107 s-l. The efficiency of each detection channel 
is over 1 0 - ~ ,  yielding counting rates of more than 

* 

20 000 s-l. This source was previously described 
with more detaiis in ref. [6]. The magnetic field, 
created by two coils inside the vacuum chamber, can 
be varied up to 100 Gauss. Its stability and homogenei- 
ty over the interaction region, are better than OS%, 
taking into account the effect of the earth magnetic 
field. 

The source is in view of two detection charnels, 
respectively selecting photons vl and v2 with use of 
interference filters. The bandwidth of each filter (2 nm 
FWHM) is much greater than the Zeeman splittings 
(less than 1 0 - ~  nm). On each detection charnel, a 
multidielectric coating polarizer can be set, separating 
the two orthogonal linear polarizations with good 
efficiency [7]. Each polarizer is followed by two 
photomultipliers, feeding a fourfold coincidence sys- 
tem, that involves a time to amplitude converter and 
a multichannel analyser. The width of a channel is 
0.41 ns, while the response of the whole electronics 
is well represented by a gaussian curve 1.2 ns HWHM; 
this value is mainly due to the dispersion of transit 
times in the photomultipliers. 

3. Results and interpretations 

A typical experimental result is sketched on fig. 2;  
it has been obtained with the configuration represetit- 
ed on fig. 3, corresponding to a magnetic field B = 
Be, perpendicular to the detection charnel axis ex. 
Polarization measurements on vl and v2 photons are 
performed along ey or e,, and we have displayed on 
fig. 2 the four corresponding time-delayed coincidence 
spectra. The first spectrum (both polarization measure 
ments along ey) exhibits a clear modulation with a 
period 6 ns, superimposed on the exponential decay 

4 

of the intermediate state of the cascade (lifetime 5 ns). 
Ail these results can be easily understood using the , 

picture given in the introduction: the detection of the 
first photon vl prepares the atom in a coherent super- 
position of the Zeeman sublevels 1r;m = 0, Il), which 
then evolves in the magnetic field. When the first 
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Fig. 2. Time delayed coincidence spectra between v ,  and v z ,  in the four polarization configurations of fig. 3. The background of 
accidental coincidences is 500 counts per channel, and the peak number of counts is 4000. The full lines are theoretical fits cor- 
responding t o  gJ = 1. 

photon is detected with a polarization along ey (O 
polarization), the subsequent atomic state is 1/@ 
(11; m = +1) + 1r;m = -1)), describing a dipole aligned 
along e y .  This dipole then precesses around B (e, axis) 
at the Larmor frequency. The light emitted in the di- 
rection e, (v2 photon) is thus polarized along ey and 
modulated at the Larmor frequency. This explains 
the two first spectra of fig. 2. The two last spectra 
correspond to a photon vl  detected with a polariza- 
tion along e, (n polarization), and the intermediate 
atomic state is now ir; m = O). This state (describing a 

dipole aligned along e,) does not evolve in the magne- 
tic field, so that the light emitted (v2 photon) is polar- 
ized along e, and is not modulated. 

One can also render an account for these experi- 
mental results using the point of view of interfering 
quantum paths. For v l  and v2 fluorescence photons 
polarized along ey (O polarization), two desexcitation 
routes, via Zeeman sublevels Ir; m = +l )  and Ir;m = 
-1 ); have to be considered, and the amplitudes asso- 
ciated with these routes interfere leading to  the mo- 
dulation observed on the first spectrum. For v l  and 

f i  l ters 

S o u r c e  a 
Fig. 3. Evperimental scheme. The pliotomultipliers detect the fluorescence photons with polarizations e and e,, and the four cor- 
responding the-delayed coincidence spectra are inonitored simultnneously. 

Y 

43 1 



dMUNICATIONS 1 5  April 1984 

v2 fluorescence photons polarized along e, (n polari- 
zation), there is only one relevant desexcitation chan- 
ne1 (via Ir; m = 0)) and no modulation can be observ- 
ed (fourth spectrum). On the other hand, there is ob- 
viously no path allowing emission of  "o polarized" v l  

photon and a "n polarized" v2 photon (or vice-versa) 
and this explains the quite flat second and third spec- 
tra. 

An explicit calculation of correlation signals has 
been performed in this second point of view, and is 
outliiied in the appendix (section 5). Results are 
found in complete agreement with the qualitative pre- 
dictions given above. This calculation allows to take 
into account the finite aperture of the detecting 
lenses and the efficiencies of the polarizers; that ac- 
counts for a decrease of  the visibility of the niodula- 
tion and for a residual hunch appearing on the spec- 
tra 2 and 3. At last, we have convoluated the theoreti- 
cal expression with a gaussian curve associated t o  the 
finite response time of  electronics. Treating the mo- 
dulation frequency as an adjustable parameter, we 
have been able t o  obtain an excellent fit t o  the expcr- 
iinental data (see fig. 2). We have nieasured in this 
way the Larnior frequency as a function of the  niag- 
netic field, and we have finally deterinined the Landé 
factor of  the intermediate level Ir): 

This value is consistent with the expected value 
g~ = 1 value for the 4s 4p  level and in agreement 
with other measurements [8] * 2 .  

Let us finally mention that we have studied other 
experimental configurations. Another particularly in- 
teresting case corresponds to  a magnetic field aligned 
with the detection channel axis (see appendix). Here 
also, experimental and theoretical results have been 
found in complete agreement. 

4. Concluding remarks 

As we already emphasized it, the observed beats 
are a typical quantum iiiterference effect. In particu- 
lar. thc difference between the first and fourth spec- 
tra of fig. 2 illustrates the general rule that any at- 
teiiipt t o  determine through which path the process 

' 1,et us noticç tliat this incasureincnt was inade using con- 
vcntioiial quantuni beats. 

has occured results in the disappearance of the'beat 
pattern. 

I 
In close relation with this remark, we can notice 

that there is no hope t o  observe beats on the singles 
counting rate in a J =  O -+ J =  1 -+ J = O cascade, even 
with a pulsed excitation of the upper level. For in- 
stance, one cannot observe a modulation of the in- 
tensity of  the fluorescence light v2,  resulting from an 
interference between different desexcitation routes. 
As a matter of fact, it would still be possible, at least 
in a "Gedankenexperiment", t o  determine later on, 
by a suitable measurement of  polarization and/or 
energy of  photon v l ,  which path was followed in the 
desexcitation process *3.  

That the interferences (i.e. beats) can be observed 
on correlation signals is understandable by noticing 
that Our experinlents involve a measurement o n  v l ,  

that "erases" the "which path" information. In this 
respect, Our situation thus appears closely related t o  
the so-called "quantum eraser" gedankenexperiments 

[ I l l .  

5. Appendix 

We outline in this appendix a Q.E.D. analysis of 
the observed quantum beats, based o n  the scattering 
theory. A "precollision" ket 1 J,$ describes the atom 
in its ground state, in presence of two incident laser 
wave packets, which are assumed t o  contain N' pho- 
tons in the mode (k', E') and N" photons in the mode 
(k", E " ) ;  we have therefore 

t g i )  = Jg, N ' A ' ,  N''A"), 

where A', A" stand for the impulsions k', k" and the 
polarizations E', E" of  the two laser modes. 

The "post collision" ket 1 J,$ will be expanded up  
t o  the second order in the laser-atom interaction, as- 
suming that the excitation rate is weak. At this order, 
1 J,f) appears as the sum of three terms. The first one 

' This argument, confirmed by the calculations relative t o  t 

quantum beats in cascades excited by pulsed lasers, rnay 
not hold for more complex strucurcs of the levels, as 
shown by recent experirnental [9] and theoretical works 
[IO]. Intensity beats can actually be observed in cascades, 
if some definite conditions on the level structures are ful- 
filled. One can easily check that these conditions amount 
t o  the irnpossibility of determining the followed desexci- 
tation channel, by any measurernent on  photon u , .  These 
conditions cannot be fulfilled in our Je = O case. 
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is simply the incident wave packet / JIi), the second 
one corresponds t o  elastic scattering of laser photons 
(Rayleigh diffusion) and the third one is due t o  in- 

! elastic scattering. Since filters eliminate the lasers fre- 
quencies, our calculation will be restricted t o  the eva- 

# 

luation of this third term: 

X ig, (N' - l)X1, (Nu - l ) ~ " ,  A,, Ab), 

where S2(ha, Ab) is the second order matrix element 
of the S matrix, corresponding t o  the scattering of 
two laser photons from the  modes A', X" t o  the modes 
(ka, E,), (kb, E ~ )  denoted by Xa and Ab. 

The amplitude S2(Xa, Ab) can be calculated in 
forma1 collision theory as the sum of diagrams in- 
volving the  same initial and final states of the  atom. 
One diagram is represented o n  fig. 4; 3 6  such diagrams 
are involved in the scattering process, obtained by 
permutations of X' and A", Xa and Xb, for al1 possible 
intermediate levels Ir, m) and Ir, m') (m = 0, -+1 and 
m' = O, +1). 

The contribution of one diagram involves matrix 
elements of the laser-atom interaction, associated 
with each vertex, and energy denominators associated 
with the intermediate states of the  atom plus field 
system. 

Fig. 4. Diagram of an inelastic second order scattering process. 
Two photons are scattered from the modes h8(k',e'), 
hV(k", E") to the modes ha(ka,E ,) and hb(kb,E b). The inter- 
mediate atomic states are the upper level le) and the Zeeman 
sublevels Ir, m) or Ir, m'). 

We shall not give explicit expressions of these dia: 
grams, which are close t o  those calculated in refs. 
[12] and [13]. After complete calculation, S2(Aa, Ab) 
appears t o  factorize in two parts, due t o  the non-de- 
generacy of level le): the  first part corresponds t o  the 
two-photon laser excitation of le), and the  second 
one, which interests us here, corresponds t o  the  des- 
excitation of le) t o  lg) via Ir, m). 

From Glauber's formalism [14], the joint density 
of probability for detecting a photon of polarization 
E~ a t  point rA and time t A  and a photon of polariza- 
tion E B  at point rB and time t g  is 

= C ( d ' f l E ~ ( r A ,  tA)EB(rB, tB)~B+(rB,tB)E+A(rA,tA)~~f). 

C is some multiplicative constant and ~ i ( r ,  t), 
~ i ( r ,  t) (resp. E g ,  E;) are the E A  (resp. E B )  polariza- 
tion component of the  negative and positive frequen- 
cy parts of the electric field operator, filtered at  fre- 
quency oA (resp. wB), and taken in the Heisenberg 
point of view: 

wheregA(w) resp. g B ( o )  is a fitering function at 
frequency oA = w l  (resp. oB = w2). & ( o )  insures 
that ak,E is dimensionless. It is then easy t o  show 
that 

2 
WAB =CIaABI , 

wher e 

X exp[i(k;rA - watA)] exp [ i (k-rB - wbtB)] 

In order t o  perform the integration over A, and Ab, 
we suppose that the scattering atom is at r = 0, and 
that the detectors subtend small solid angles around 
the  directions rA and r g ;  we have then 
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and we define T = T B  - T A .  

Omitting a multiplicative constant (that includes 
the excitation process) the integration over ha and Ab 
yields 

where fia and r are the Zeeman splitting and the 
natural width of the r level, D the dipole operator, 
and H(T) the Heaviside function. 

The expression of aAB shows cieariy that the inter- 
ference between the three "paths" le)-, Ir, m) -+ Ig) 
(m = 0, +1) is responsible for the observed quantum 
beats. 

The matrix element of the dipole operator can be 
rewritten using Wigner-Eckart theorem, and we ob- 
tain eventually, omitting the multiplicative constant 

+ eZAe,, i 2 ~ ( r )  exd- r r )  

where the axes are defined so that the magnetic field 
is along Oz (quantization axis). 

Let us consider now some simple marginal values 
of this expression. For the experiment al configura- 
tion of fig. 3, with the detection channel axis along 
ex, one obtains for the two possible polarizations ey 
and e, 

W e ~  ,Y 
= (3 + f cos 2 WT)H(T) exp(-FT), 

- wey - Wez = O wez = H(T) ex~(Gr7) .  

These results confirms the qualitative predictions 
of section 3. 

In another simple case, the detectors and the 
source would be aligned along the z-axis (direction of 
B), the orientations of the polarizers being defined by 
the azimuthal angles GA and QB (between ex and € A  

or cg). We obtain then 

one of section 3 is also very clear in this case. 
Let us finally notice that, in order to  get a quanti-. 

tative agreement with the experimental data, we take 
into account the finite aperture of the lenses (summa- 
tion over the directions r A ,  rB), and the efficiencies 
of the polarizers; this results in a predicted small 
hunch for w, , and w, , , and in a slight decrease 

Y Z  2 Y of the visibility of the beats; actually, the previous ex- 
pression of w, , is replaced by 

Y Y 

W e ~  ,Y 
= (a + b cos ~wT)H(T)  exp(-Fr), 

with 

( b / ~ ) ~ ~  = 0.73. 
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