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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 4e¥ghP;),,
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]

PACS numbers: 32.80.Bx, 32.60.+i

In atomic physics as well as in quantum optics transfeand anticrossings of the atomic levels modified by the ap-
of population between atomic or molecular energy levels iplied electric and magnetic fields.
an important and necessary tool to prepare well defined ini- This result of adiabatic transfer was found during ex-
tial conditions for experimental investigations. Different tensive theoretical and experimental investigations of the
methods have been developed and sucessfully used: appiadium D, line (32S/,-3%P5/,) under the influence of
cation of = pulses [1], adiabatic transfer [2,3], counterin- the simultaneous action of external electric and magnetic
tuitive pulse sequences [4—7], and adiabatic passage infelds, with either parallel, perpendicular, or arbitrary rela-
light field [8—10]. Most related to this work is adiabatic tive directions [16]. The influence of the above mentioned
transfer through level anticrossings. It was pointed out byield cycle on the hyperfine levels of NP3/, was dis-
Weider and Eck [11] in 1967 that crossings of hyperfinecussed theoretically in [17]. To ensure the appearance of
sublevels in magnetic fields can be converted to anticrosdevel crossings between hyperfine states Wiy = +2
ings by introducing an electric field perpendicular to thein magnetic fields and corresponding anticrossings in per-
magnetic field. This fact was extensively used in level anpendicularly crossed electric and magnetic fields the atom
ticrossing spectroscopy [12], e.g., intensity changes due tmust have a tensor polarizability, # 0 (and therefore
electric field induced anticrossings have been observed by > 1/2) and a nuclear spin quantum number 1/2.

Eck and Huff [13] and by the group of Kleinpoppen [14] Figure 1 shows the influence of the fields on the hyper-
in ionized helium and by Adler and Malka [15] in Li I. fine levels of4s%4p %P5, for the isotope®Ga (for the
Rubbmarket al. [3] have used pure electric field induced choice of Ga see below). In the first sectidh— Bmax

level anticrossings to lower the ionization limit of certain
sublevels oh-manifolds of Rydberg states in Lil. The aim
of this work is to report on direct experimental observation & ©| B I NG g 9
of a new type of adiabatic transfer in quasistatic combined” L
external electric and magnetic fields working without ap-
plication of electromagnetic radiation.

An atom in the initial levelF; experiences first a mag- — *®
netic field, then additionally an electric field oriented per- _
pendicularly to the magnetic one, and later on only thes
electric field before entering a field free region. The in- 5F,
creasing and decreasing of the fields must be slow enough
to ensure abiabatic energy changes. After this field cycle§ 1000
the atom can be found in another final le¥gl. The atom
changes its hyperfine energy and its angular momentum
without interaction with electromagnetic radiation. The 0 0 S0 00 Efwem) 100 50 0
adiabatic transfer from initial to final state takes placer|G. 1. Behavior of the hyperfine states in the applied field
while the atom passes through successive level crossingsgcle for®Ga.
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E = 0) the magnetic field leads to fod&kM = *2 cross- dye laser y
ings (Cy,...,C4) appearing at magnetic field strengths ] I z
By, ...,9B4. Inthe next sectionk = Bmax 0 — Emay) field/ arrang\ement X
the electric field shifts all hyperfine states nearly parallel. — 88\ Ga _
Then the magnetic field decreases to zero whereas the elec- oven s = ¢ beam
tric field is further acting® — 0, E = Eny). The electric pumpyY g probe
field, oriented perpendicularly with respect to tdield, a) ym» photo-
converts the crossings into anticrossing€(, ..., ACy). E multiplier
In the last section the electric field is switched off "D’
(B =0, E — 0). Across the region of the avoided cross- b)
) . pump z probe
ings the character of the state changes frgrto . This —_— —_— 2

. ~ . . S
applies to all levels excepF; = 0, which experiences
no crossing or anticrossing and therefore always leads to thermal level
Fy=F =0 _ pop. transfer

In the theoretical analysis of the dependence of the en-
ergy eigenvalue€r y, (B, E) on the magnetic and electric _— —F — 2
field strengths we considered energy surfaces above the === = =F, = 3
(B, E) plane. The four sections of Fig. 1 represent cuts __ — —_— —2p
— — — 12

through those energy surfaces parallel to ti#e £) and -

(£, B) planes, respectively. For perpendicular fields the; 5 5 (a) Sketch of the experimental arrangement:

atom-field system retains just one symmetry. This entailgp) scheme of the pump-probe detection. For details see
that the system of levels decomposes into two noninteractext.

ing systems corresponding to odd or evd. So there
are also two uncoupled systems of energy surfaces. Some
surfaces have a common point for certain valueB @hd the pump and probe experiment is shown. We optically
E corresponding to a crossing. There are four (three) suchump all atoms from leveF, to other hyperfine or fine
points withE = 0 in the odd (even) system besides somestructure levels before the atoms enter the field arrange-
other points withE # 0, B # 0. Near such a pointthe up- ment. The linearly polarized probe laser light (parallel to
per (lower) energy surfaces develop a downward (upwardB, directiony in Fig. 2), acting on the atoms which have
groove, whose walls are nearly straight in #elirection, left the field arrangement, excites the same transition as the
reflecting the linear dependence of the HamiltoniarBon pump laser. If the combined action of both fields causes a
The crest and bottom lines of the grooves have a parabolitansfer from leveF; to level F, fluorescence is observed.
shape with a common tangent in the point where the sur- Of course the atoms have to stay in the same fine
faces touch; this results from tii& dependence of the ef- structure level during the time of flight through the field
fective electric field Hamiltonian. When a level crossingarrangement. To experimentally demonstrate the process
in a field cycle occurs (first section of Fig. 1) the systemwe need to find atoms which have a suitable ground
passes from one surface onto the other through the coner long-living metastable levels. One of the elements
mon point whileE = 0; thereafter it is confined to this which can fulfill these criteria is gallium. The metastable
surface wherE # 0 (third section of Fig. 1). level 4s%4p2P5),, suitable for our investigations, has
In the experimental realization one needs to considean excitation energy corresponding 886 cm™! and is
carefully how to implement the above mentioned fieldsufficiently populated by thermal collisions in the oven
cycle. In a “gedanken experiment” the experiment may7 = 1670 K) used for producing the atomic beam. The
be performed on an atom at rest and with an arbitrarilypopulation can be monitored by exciting the transition
slow rate of field changes. In reality, we replace the timets?4p 2P3 ), — 45552815, A = 417206 nm.  Ga in
varying fields, acting on an atom at rest, by a linear arrangeits natural abundance has two isotop&&a (60%) and
ment of spatially confined static fields, produced by a’!Ga (40%), both having the same nuclear spin quantum
special field arrangement (total length ca. 8 cm). Atomswmber,/ = 3/2. Therefore the hyperfine structure of
of an effusive beam traverse the fields. In their own framehe lines of both isotopes is comparable to the sodiym
of reference the atoms experience time dependent fieldéne concerning the number and relative intensity of the
Some of the atoms change their hyperfine level filgnto ~ components. The hyperfine constant§’@a in its?P; ,
F during passage through the fields. level are A = 190.794(5) MHz, B = 62.522(12) MHz,
Prerequisite to the detection of population transfer bewhereas those of’'Ga are A = 242.434(5) MHz,
tween initial F; and finalF; hyperfine levels is the estab- B = 39.399(10) MHz [18]. The hyperfine splitting of
lishment of an imbalance in the state population betweeh'Ga is therefore larger, and consequently the values
those levels. In our experiment this is done by a pump?'By,...,”'B,4 (16.1; 28.8; 33.5; 57.7 mT) occur at higher
probe technique. A sketch of the experimental arrangefield strengths compared to the valu€s,...,%°By
ment is shown in Fig. 2(a). In Fig. 2(b) the principle of (11.2; 23.0; 27.0; 45.3 mT) in Fig. 1 [calculated using
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ap = 0.08 MHz/(kV/cm)?; a; = —0.00276 MHz/(kV/  F of the lower andF’ of the upper hyperfine level. In
cm)?; g7 = —7.239] [19]. We will refer in particular to  the other spectra of Fig. 3 the pump beam was activated.
this point when discussing the observed spectra. Figures 3(b) and 3(c) show spectra where either only the
Figure 3 shows the fluorescence spectra obtainethagnetic or only the electric field was switched on to
exciting the hyperfine components of th;, — 25,  the values indicated in the figures. No fluorescence is
transition subsequently while scanning the probe laseobserved in the probe region. This proves that the pump
frequency. The intensity scale is the same for all spectrdbeam depopulates the levels completely.
Spectrum 3(a) was obtained while blocking the pump In all other spectra the electric field had the strength of
beam and switching off the electric and magnetic field.127 kV/cm. In spectrum 3(d) the magnetic field strength
The hyperfine components are labeled %E“F/,F/ or ischosen above the valB, for the first crossing and an-
"ITg, r1, t0 identify the isotope and the quantum numberdicrossingC; /AC, (couplingF = 1, Mp = 0 < F = 2,
' Mrp = —2)in ®Ga, but below'B;. Figure 1 shows that
for magnetic field strengths belo®; no level transfer
Tz can occur. Therefore we observe in this spectrum only
two components, due t6,/AC;: ¥T,, and%°T,,. Be-
cause the pump and the probe laser beams were linearly
polarized (parallel taB), only transitionsAMy = 0 are
excited. As seen in Fig. 1 and detailed in Ref. [17], we
repopulate the stateB; = 2, My = —2, and Fy = 1,
Mr = 0 due toC;/AC;. From these statesr transi-
tions to the hyperfine states belongingf6 = 2 can be
excited, but not to states belonging ¥ = 1. Indeed,
these last components are missing in spectrum 3(d). In
spectrum 3(e) the field strength is chosen abe but
omT between’'B, and "'B,. For ®°Ga now C,/AC, (cou-
plingF =3, Mr = -2 & F = 2, My = 0) also occurs,
while for’'Ga onlyC; /AC, is possible. Therefore we find

E=127 kV/cm B

E=127 kV/iem B=13.3mT in the spectrum apart from the componetts, ,, T ,,

\
d P Y the new component®7, |, T;,, "'T,, and’'Ty,. In

, gnat spectrum 3(f) the magnetic field is abo%B; and’! Bs.

i Do Compared to spectrum 3(e) we now observe in addition
i E=127 kV/cm B=23.6 mT
' ST the component$! 7, ; and’!T;,. Component”T,; has

e : JK . ,J;L AM \ gained more intensity sincd€F; = 2 regains population

5 because of the two crossings and anticrossiig C, and

C3/AC; (coupling F =3, Mp = -3 > F =2, My =
—1). The increase of’T,, is less pronounced since the

intensity (arb.u.)

E=127 kViem B=416 mT
i transition probability for ther excitation toF' = 2 is
i lower for Mr = —1 than forMr = —2. Because of im-
; perfections of the experiment (increasing stray magnetic
field in the probe region) we also observe the components
T,, and’'Ty; with small intensity. In spectrum 3(g)
the magnetic field is strong enough to excé&4gl;, but not
B4, and componer T », in particular, gains more inten-
sity from the crossing and anticrossiag/AC, (coupling
F=3 Mp=—-1<F=2 Mp=1). This explains
why the intensity ratio®Ts,/7'T;, is not determined
by the relative isotope abundance [cf. Fig. 3(a)]. In the
last spectrum, Fig. 3(h), the field strength is high enough
to exceedB, for both isotopes, and the intensity ratio
T5,/7'Ts, is now the same as in Fig. 3(a). What is
frequency missing in Fig. 3(h) compared to Fig. 3(a) are the compo-
- nents®T,, and’' Ty, for which no hyperfine level trans-
FIG. 3. Fluorescence spectra induced by the probe lasefer and therefore no repopulation is possible.

(@) £ =B =0, the pump beam is blocked. All hyperfine e transfer efficiency seems to be rather high when es-

components of both isotopes are resolved. Below the spectru . . . g
the trace of the marker etalon is shown. (b)—(h) Spectra witﬁ‘matIng from the intensity of the spectra in Fig. 3. How-

activated pump beam for different field strength combinations€Ver, the population monitored by the probe laser is gained
For an explanation, see text. not only from the original population of the levels but also
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