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Adiabatic Transfer between Hyperfine Levels in Combined Electric and Magnetic Fields
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We report observation of transfer between hyperfine levels due to the action of combined external
electric and magnetic fields, changing the energy and the angular momentum of the atom. The
experiments were performed on a beam of Ga atoms in the fine structure level4s24p 2P3y2,
traversing specially confined and spatially displaced perpendicularly crossed electric and magnetic
fields. The hyperfine level transfer was detected by probing the population of the levels involved.
[S0031-9007(96)01184-2]
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In atomic physics as well as in quantum optics trans
of population between atomic or molecular energy leve
an important and necessary tool to prepare well defined
tial conditions for experimental investigations. Differe
methods have been developed and sucessfully used: a
cation ofp pulses [1], adiabatic transfer [2,3], counter
tuitive pulse sequences [4–7], and adiabatic passage
light field [8–10]. Most related to this work is adiaba
transfer through level anticrossings. It was pointed ou
Weider and Eck [11] in 1967 that crossings of hyperfi
sublevels in magnetic fields can be converted to anticr
ings by introducing an electric field perpendicular to
magnetic field. This fact was extensively used in level
ticrossing spectroscopy [12], e.g., intensity changes du
electric field induced anticrossings have been observe
Eck and Huff [13] and by the group of Kleinpoppen [1
in ionized helium and by Adler and Malka [15] in Li
Rubbmarket al. [3] have used pure electric field induce
level anticrossings to lower the ionization limit of certa
sublevels ofn-manifolds of Rydberg states in Li I. The ai
of this work is to report on direct experimental observat
of a new type of adiabatic transfer in quasistatic combi
external electric and magnetic fields working without a
plication of electromagnetic radiation.

An atom in the initial levelFi experiences first a mag
netic field, then additionally an electric field oriented p
pendicularly to the magnetic one, and later on only
electric field before entering a field free region. The
creasing and decreasing of the fields must be slow eno
to ensure abiabatic energy changes. After this field c
the atom can be found in another final levelFf . The atom
changes its hyperfine energy and its angular momen
without interaction with electromagnetic radiation. T
adiabatic transfer from initial to final state takes pla
while the atom passes through successive level cross
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and anticrossings of the atomic levels modified by the
plied electric and magnetic fields.

This result of adiabatic transfer was found during e
tensive theoretical and experimental investigations of
sodium D2 line (3 2S1y2-3 2P3y2) under the influence of
the simultaneous action of external electric and magn
fields, with either parallel, perpendicular, or arbitrary re
tive directions [16]. The influence of the above mention
field cycle on the hyperfine levels of Na3 2P3y2 was dis-
cussed theoretically in [17]. To ensure the appearanc
level crossings between hyperfine states withDMF ­ 62
in magnetic fields and corresponding anticrossings in p
pendicularly crossed electric and magnetic fields the at
must have a tensor polarizabilitya2 fi 0 (and therefore
J . 1y2) and a nuclear spin quantum numberI $ 1y2.

Figure 1 shows the influence of the fields on the hyp
fine levels of4s24p 2P3y2 for the isotope69Ga (for the
choice of Ga see below). In the first section (0 ! Bmax,

FIG. 1. Behavior of the hyperfine states in the applied fie
cycle for 69Ga.
© 1996 The American Physical Society
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E ­ 0) the magnetic field leads to fourDMF ­ 62 cross-
ings (C1, . . . , C4) appearing at magnetic field strengt
69B1, . . . , 69B4. In the next section (B ­ Bmax, 0 ! Emax)
the electric field shifts all hyperfine states nearly paral
Then the magnetic field decreases to zero whereas the
tric field is further acting (B ! 0, E ­ Emax). The electric
field, oriented perpendicularly with respect to theB field,
converts the crossings into anticrossings (AC1, . . . , AC4).
In the last section the electric field is switched o
(B ­ 0, E ! 0). Across the region of the avoided cros
ings the character of the state changes fromFi to Ff . This
applies to all levels exceptFi ­ 0, which experiences
no crossing or anticrossing and therefore always lead
Ff ­ Fi ­ 0.

In the theoretical analysis of the dependence of the
ergy eigenvaluesEF,MF

sB, Ed on the magnetic and electr
field strengths we considered energy surfaces above
(B, E) plane. The four sections of Fig. 1 represent c
through those energy surfaces parallel to the (E , E) and
(E , B) planes, respectively. For perpendicular fields
atom-field system retains just one symmetry. This ent
that the system of levels decomposes into two noninter
ing systems corresponding to odd or evenMF . So there
are also two uncoupled systems of energy surfaces. S
surfaces have a common point for certain values ofB and
E corresponding to a crossing. There are four (three) s
points withE ­ 0 in the odd (even) system besides so
other points withE fi 0, B fi 0. Near such a point the up
per (lower) energy surfaces develop a downward (upwa
groove, whose walls are nearly straight in theE direction,
reflecting the linear dependence of the Hamiltonian onB.
The crest and bottom lines of the grooves have a parab
shape with a common tangent in the point where the
faces touch; this results from theE2 dependence of the e
fective electric field Hamiltonian. When a level crossi
in a field cycle occurs (first section of Fig. 1) the syste
passes from one surface onto the other through the c
mon point whileE ­ 0; thereafter it is confined to thi
surface whenE fi 0 (third section of Fig. 1).

In the experimental realization one needs to cons
carefully how to implement the above mentioned fie
cycle. In a “gedanken experiment” the experiment m
be performed on an atom at rest and with an arbitra
slow rate of field changes. In reality, we replace the ti
varying fields, acting on an atom at rest, by a linear arran
ment of spatially confined static fields, produced by
special field arrangement (total length ca. 8 cm). Ato
of an effusive beam traverse the fields. In their own fra
of reference the atoms experience time dependent fie
Some of the atoms change their hyperfine level fromFi to
Ff during passage through the fields.

Prerequisite to the detection of population transfer
tween initialFi and finalFf hyperfine levels is the estab
lishment of an imbalance in the state population betw
those levels. In our experiment this is done by a pum
probe technique. A sketch of the experimental arran
ment is shown in Fig. 2(a). In Fig. 2(b) the principle
s
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FIG. 2. (a) Sketch of the experimental arrangeme
(b) scheme of the pump-probe detection. For details
text.

the pump and probe experiment is shown. We optica
pump all atoms from levelFf to other hyperfine or fine
structure levels before the atoms enter the field arran
ment. The linearly polarized probe laser light (parallel
B, directiony in Fig. 2), acting on the atoms which hav
left the field arrangement, excites the same transition as
pump laser. If the combined action of both fields cause
transfer from levelFi to levelFf , fluorescence is observed

Of course the atoms have to stay in the same fi
structure level during the time of flight through the fie
arrangement. To experimentally demonstrate the proc
we need to find atoms which have a suitable grou
or long-living metastable levels. One of the elemen
which can fulfill these criteria is gallium. The metastab
level 4s24p 2P3y2, suitable for our investigations, ha
an excitation energy corresponding to826 cm21 and is
sufficiently populated by thermal collisions in the ove
(T ­ 1670 K) used for producing the atomic beam. Th
population can be monitored by exciting the transitio
4s24p 2P3y2 ! 4s25s 2S1y2, l ­ 417.206 nm. Ga in
its natural abundance has two isotopes,69Ga (60%) and
71Ga (40%), both having the same nuclear spin quant
number,I ­ 3y2. Therefore the hyperfine structure o
the lines of both isotopes is comparable to the sodiumD2

line concerning the number and relative intensity of t
components. The hyperfine constants of69Ga in its2P3y2
level are A ­ 190.794s5d MHz, B ­ 62.522s12d MHz,
whereas those of 71Ga are A ­ 242.434s5d MHz,
B ­ 39.399s10d MHz [18]. The hyperfine splitting of
71Ga is therefore larger, and consequently the valu
71B1, . . . , 71B4 (16.1; 28.8; 33.5; 57.7 mT) occur at highe
field strengths compared to the values69B1, . . . , 69B4

(11.2; 23.0; 27.0; 45.3 mT) in Fig. 1 [calculated usin
2191
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a0 ­ 0.08 MHzyskVycmd2; a2 ­ 20.00276 MHzyskVy
cmd2; g0

I ­ 27.239] [19]. We will refer in particular to
this point when discussing the observed spectra.

Figure 3 shows the fluorescence spectra obtai
exciting the hyperfine components of the2P3y2 ! 2S1y2

transition subsequently while scanning the probe la
frequency. The intensity scale is the same for all spec
Spectrum 3(a) was obtained while blocking the pum
beam and switching off the electric and magnetic fie
The hyperfine components are labeled as69TFf ,F 0 or
71TFf ,F 0, to identify the isotope and the quantum numbe

FIG. 3. Fluorescence spectra induced by the probe la
(a) E ­ B ­ 0, the pump beam is blocked. All hyperfin
components of both isotopes are resolved. Below the spectr
the trace of the marker etalon is shown. (b)–(h) Spectra w
activated pump beam for different field strength combinatio
For an explanation, see text.
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Ff of the lower andF0 of the upper hyperfine level. In
the other spectra of Fig. 3 the pump beam was activa
Figures 3(b) and 3(c) show spectra where either only
magnetic or only the electric field was switched on
the values indicated in the figures. No fluorescence
observed in the probe region. This proves that the pu
beam depopulates the levels completely.

In all other spectra the electric field had the strength
127 kVycm. In spectrum 3(d) the magnetic field streng
is chosen above the value69B1 for the first crossing and an
ticrossingC1yAC1 (couplingF ­ 1, MF ­ 0 $ F ­ 2,
MF ­ 22) in 69Ga, but below71B1. Figure 1 shows tha
for magnetic field strengths belowB1 no level transfer
can occur. Therefore we observe in this spectrum o
two components, due toC1yAC1: 69T2,2 and 69T1,2. Be-
cause the pump and the probe laser beams were line
polarized (parallel to$B), only transitionsDMF ­ 0 are
excited. As seen in Fig. 1 and detailed in Ref. [17], w
repopulate the statesFf ­ 2, MF ­ 22, and Ff ­ 1,
MF ­ 0 due to C1yAC1. From these states,p transi-
tions to the hyperfine states belonging toF0 ­ 2 can be
excited, but not to states belonging toF0 ­ 1. Indeed,
these last components are missing in spectrum 3(d).
spectrum 3(e) the field strength is chosen above69B2 but
between71B1 and 71B2. For 69Ga now C2yAC2 (cou-
pling F ­ 3, MF ­ 22 $ F ­ 2, MF ­ 0) also occurs,
while for 71Ga onlyC1yAC1 is possible. Therefore we find
in the spectrum apart from the components69T2,2, 69T1,2,
the new components69T2,1, 69T3,2, 71T2,2, and71T1,2. In
spectrum 3(f) the magnetic field is above69B3 and 71B3.
Compared to spectrum 3(e) we now observe in addit
the components71T2,1 and 71T3,2. Component69T2,1 has
gained more intensity since69Ff ­ 2 regains population
because of the two crossings and anticrossingsC2yAC2 and
C3yAC3 (coupling F ­ 3, MF ­ 23 $ F ­ 2, MF ­
21). The increase of69T2,2 is less pronounced since th
transition probability for thep excitation to F0 ­ 2 is
lower for MF ­ 21 than forMF ­ 22. Because of im-
perfections of the experiment (increasing stray magn
field in the probe region) we also observe the compone
69T1,1 and 71T1,1 with small intensity. In spectrum 3(g
the magnetic field is strong enough to exceed69B4, but not
71B4, and component69T3,2, in particular, gains more inten
sity from the crossing and anticrossingC4yAC4 (coupling
F ­ 3, MF ­ 21 $ F ­ 2, MF ­ 1). This explains
why the intensity ratio69T3,2y71T3,2 is not determined
by the relative isotope abundance [cf. Fig. 3(a)]. In t
last spectrum, Fig. 3(h), the field strength is high enou
to exceedB4 for both isotopes, and the intensity rat
69T3,2y71T3,2 is now the same as in Fig. 3(a). What
missing in Fig. 3(h) compared to Fig. 3(a) are the com
nents69T0,1 and71T0,1, for which no hyperfine level trans
fer and therefore no repopulation is possible.

The transfer efficiency seems to be rather high when
timating from the intensity of the spectra in Fig. 3. How
ever, the population monitored by the probe laser is gai
not only from the original population of the levels but al
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from optical pumping in the first (pump) interaction r
gion. As can be derived from Fig. 1, only specialF, MF

states are undergoing the crossing-anticrossing pairs.
example, if all population is pumped toFi ­ 1, MF ­ 0,
one will find after the field cycle all population in sta
Ff ­ 2, MF ­ 22. In this case the efficiency will be
unity. If all population is pumped toFi ­ 1, the effi-
ciency is 1y3, because the statesMF ­ 61 will not be
transferred toF ­ 2. Besides, the transfer efficiency is d
pendent on how well the atom follows the adiabatic cu
through the region of the anticrossings. If the energy sp
ings are too small or if the atomic velocity is too hig
the atom may undergo diabatic transitions described by
Landau-Zener formula [3,20–22]. This is the reason w
the electric field has to be sufficiently strong to ensure
energy gap to be large enough and furthermore to en
that most of the atoms in the thermal beam follow
curves adiabatically. The adiabacity condition was e
mated to beDvt ¿ 1, whereDv ­ DEyh̄ measures the
energy gap at the anticrossing point andt is the time for
passing the anticrossing region. From theB-field gradi-
ent in our field arrangement we get the conditions fulfil
for atoms having velocitiesy ø 5 3 103 mys, a value
large compared to the thermal mean velocity in the be
(630 mys, t ø 0.5 ms, Dvt ø 1022).

In conclusion, we have shown that atoms in a be
crossing spatially confined perpendicularly crossed e
tric and magnetic fields, undergo transitions between
perfine levels. The comparison of the results from
theoretical model and from the experiment allowed us
unambiguously identify the states involved in the trans
This method should be applicable for all atoms having
their ground levelsJ . 1y2 and I $ 1y2 and also for a
large variety of molecules.

This work was supported in part by the Austri
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