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Coherent Optical Control of Mdssbauer Spectra
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A compound nuclear-electron system driven by a coherent optical field and probed at the gamma-ray
Mossbauer transition is analyzed for the first time. The possibility of optical control of the Mdssbauer
spectra is predicted. This study provides the basis for a new branch of spectroscopy, laser-Mdssbauer
spectroscopy, and opens prospects for the realization of a gamma-ray laser. [S0031-9007(99)09013-4]

PACS numbers: 42.55.Vc

Coherently driven, three-level atoms are widely used iroptical drive and gamma-ray probe fields. The simplest
quantum optics. Recently, novel effects have been obmodel of the compound system must involve at least four
served that are caused by the excitation of atomic coheenergy levels:|1) = |G, g), |12) = |G,e), |3) = |E, g),
ence. Examples of such effects include lasing withoui4) = |E,¢). Here|G) and|E) stand for the ground and
inversion, electromagnetically induced transparency, andxcited states of a nucleus and accordingly and |e)
high refractive index with vanishing losses [1]. stand for the ground and excited states of an electron. In

Similar effects could be seen in the gamma-ray range ithe absence of the hyperfine interaction, two pairs of tran-
it were possible to drive nuclear transitions coherentlysitions, 1-2 and 3-4, as well as 1-3 and 2-4, are exactly de-
However, as is well known, direct coherent driving generate (Fig. 1a). The hyperfine interaction leaves them
of nuclear transitions is not feasible. Polarization ofnearly degenerate, because of its relative weakness. For
nuclei using microwave radiation is extremely ineffectivethe same reason, the selection rules remain essentially
because the populations of hyperfine sublevels are nearthe same as in the absence of the interaction. Hence the
equal, even at liquid helium temperature. Optical drivingtransitions may change the electronic state or the nuclear
of a nuclear transition is not efficacious because thetate, but not both. This compound system is driven by
energies of the photons are typically orders of magnitudéhe coherent optical field at the 1-2 and 3-4 transitions,
away from those corresponding to the nuclear transitionsaand probed by gamma rays at the 1-3 and 2-4 transitions.
X-ray sources for resonant coherent driving of nuclei areNVe note that such a doubly degenerate four-level system
unavailable, and gamma-ray lasers do not exist at alis rather unusual both for nuclear and electronic transi-
Although some indirect ways of using laser fields (viations separately, but appears naturally in the compound
multiphoton processes or near-field effects) to manipulatsystem.
gamma-ray transitions have been discussed, they are The Hamiltonian of the system has the form
extremely low efficiency methods and hard to implementd = H, + V, where f, is the Hamiltonian of the free
experimentally [2]. atom  Hy = ho|[){1] + Fwal2) 2| + hwsl3) 3| +

In this Letter, we show that coherent optical driv-/iw4|4)(4|. The couplingV describes the interaction of
ing of an electron transition can drastically modify thethe atom with the drive and probe fields
absorption-emission spectra for gamma-ray transitions ¢ _
due to the hyperfine coupling between the nuclear and V=@l + I3 + aa(D Gl + 12)@D
electronic degrees of freedom. The hyperfine interaction + H.c.,
has been extensively studied both in nuclear and elec-
tronic spectra, and widely used in different kinds of spec-
troscopy technigue (such as nuclear magnetic resonanct Q i [9)
double radio-frequency optical resonance, coherentpopu £ | Y 13y —Z
lation trapping, etc.) as well as for laser separation of iso- |3) o N 1 | a
mers [3]. It was considered also [4,5] the possibility to T A B
perturb the Mossbauer transition by a resonant microwave 12)
driving of Zeeman sublevels in the strong magnetic field ¢ 12) o ,
at low temperaturezB > kT). However, the idea of Q o) Y _/Q
a coherent optical control of Méssbauer spectra, as fara., . — 1) 1) — A"
we know, has not been discussed. (@) (b) (© 1)

M | of th m n m: nucl n lec- .
odel of the compound syste ucleus and eecFIG. 1. Compound nuclear-electron system in the absence of

tron.—The St.lfjdy of coherent opti_cal contro! of t.he hyperfine interaction (a), and in the presence of the hyperfine
gamma-ray Mossbauer spectra requires a consideration peractions, leading to the shift (b) and the splitting (c) of an
the compound nuclear-electron systeoupled with both  energy level.
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where Q) = w.Ey/2h, @« = u,E/2h are the Rabi fre- due to a change of its radius, as compared to the ground-

quencies of the drive and probe transitiops; w., £y,  State nucleus.

E are the effective moments and fields at the electronic The absorption coefficient is defined by= Im(P/E),

andy-ray transitions. whereP = u,N (o013 + 024) is the polarization/N is
Master equations—The common master equations in- the density of atoms. The absorption spectra, calculated

volving only diagonal relaxation terms cannot be directlyon the basis of Eqgs. (1), are depicted in Fig. 2. The

applied here. The correct master equations are Mossbauer spectrum without optical driving is presented
. . . _ in Fig. 2a, and consists of one line (transition 1-3). A
o3 = —Ti3o3 + yoou + ianis + Q701 — o, griving field resonant with the transition 1-2 populates
Gos = —Dosooy + ianyy — iQ% o1y + iQoas, level 2. Hence, t_he _addi'gional line, corresponding to the
) , . , (1) transition 2-4, which is shifted from 1-3 by the magnitude
o= —Inon + yos +iQnp +ia oy — iaos, of the frequency shift, appears in the spectrum as soon as
030 = —Dago34 + iQnsy — ia* oy + iQos. the drive is applied (Fig. 2b).

Increasing the driving-field intensity (Fig. 2c) leads
They involve the cross-relaxation termg 4, yo4) ap-  to the Rabi splitting of transitions 1-3 and 2-4 (the
pearing as a result of degeneracy of the transitions. Herautler-Townes effect). Moreover, an electromagnetically
n;j = n; — n; is a population difference between statesinduced transparency (vanishing absorption) on the transi-
liy and | j), yo' and y~! are the lifetimes of popula- tion 1-3 appears. Let us note that the lines of the nuclear
tions on the optical and nuclear transition, respectivelytransitions are broadened due to the coupling with the op-
I;; =17 +ilo — wj;), vij andw;; are the line broad- tical transition (whose width is assumed to be larger than
ening and frequency for the transition— j. The equa- the width of the gamma-ray transition).
tions for the coherences,; and o4, and populations A further increase of the driving-field intensity, i.e.,
have a standard form. Similar cross-relaxation terms havRabi frequency @ > A) leads to a narrowing of the
been introduced earlier in [6] to handle for the degeneracybsorption lines toward the natural width (Fig. 2d). This
of magnetic sublevels in the excited and ground electronic
state. They play a very important role for the compound

nuclear electron system. In particular, because of these 2
terms, the coherent optical driving of the electrons does =80
not affect the gamma-ray nuclear transitions in the com- 34_0 a)
pletely symmetrical degenerate case (see Fig. 1a). 2
The hyperfine interaction between the nucleus and elec- a 0 0
tron arises from several different mechanisms: Coulomb i Detuning
interaction of the nuclear and electron charges, the mag- S
netic dipole interaction of the nuclear spin and total mo- S
mentum of the electron, and the quadrupole interaction. §
The hyperfine interaction breaks the symmetry of the 810 b)
doubly degenerate four-level scheme by shift, and 8
splitting of one or more energy levels (Figs. 1b and 1c). é g%tuning 0
The typical value of this asymmetry is of the order of -
1077-107% eV. Hence, the asymmetry is always small )
on the scale of both optical and gamma-ray transitions. gl
However, in the case when this value exceeds the widths 30_5 )
of both transitions, this asymmetry allows for tlesonant o
selective optical driving of only one of the two (or of a -0 0
many in case of multiple splittings) optical transitions E: Detuning
either in the ground or excited state of the nucleus. 280
We therefore predict very efficient modification of both g
populations and coherences in the compound nuclear- _§4o
electron system. Moreover, a sufficiently strong optical 8 4)
drive can essentially modify the Mdssbauer spectra even 5
in the case of broad optical linesy(> A). These a Detuning

important conclusions do not depend on the specific o . _
mechanism of the hyperfine interaction. FIG. 2. Modification of the Mdssbauer absorption spectra for

. . . the scheme involving frequency shift (Fig. 1b) with increase of
Frequency shift—Let us consider a simple model for .o intensity of the driving field: (a§2 = 0; (b) Q = 0.3y;;

the frequency shift of state 3 (Fig. 1b): the isomer shift of(c) O = 2.0y,; (d) @ = 100y,. The common parameters are
the electron ground state for the excited-state nucleus, A = 10y, y = 0.27,.
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is caused by the effective decoupling of the electron and
nuclear subsystems, due to the strong driving of both

= s
1-2 and 3-4 transitions (when the Rabi frequency exceeds  <C
the frequency shift). This phenomenon arises from the c a
atomic interference caused by the cross relaxation at _g 4
the transitions 1-3 and 2-4. Let us also note that, in o b
the limit of a strong field, the lines corresponding to the o)
Rabi satellites shift far away and become weak, while a B —5 5 o
central line appears shifted with respect to its original < De’runing

position. This last line shift is a result of the residual
hyperfine interaction. Its origin is clear in the dressedriG. 3. Modification of the Mdssbauer absorption spectra
states picture. In the limit of a strong field, the dressedfor the scheme involving level splitting with increase of the
state frequencies for the ground nuclear state -af®,  intensity of the driving field: (af2 = 0; (b) & = 100vo.
while for the excited nuclear state due to the presence
of the detuning one has shifted dressed-state frequencie$the Mdssbauer lines caused by the fast relaxation at the
—A/2 = Q. Thus, the central line is shifted b&/2.  optical transition. (4) Vanishing of some Mdssbauer lines
The same result follows from the equation for polarizationand complete suppression of gamma-ray absorption. (5)
inthe limit Q@ > A, P = iau, N (n13 + nyu)/[y/2 +  Shift and narrowing of the lines caused by decay inter-
i(w — w3 — % ]. Clearly, the line shift is exactly equal ference in the limit of strong driving. (6) Amplification
to A/2, and the line width is the same as in the absence o#ithout inversion.
driving, /2. Note that the frequency shift is preserved Thus, we conclude that many interesting effects (such
even when the width of the optical transition exceeds th@&s Raman scattering, dynamical Stark splitting, electro-
magnitude of this shift. magnetically induced transparency, etc.) that have been
Other schemes—-We have also analyzed four different already widely studied and used in optics should become
other model schemes involving the splitting of any of theavailable in the gamma-ray range. Moreover, completely
four energy levels into two sublevels. Effects similar tonew effects (such as the shift and narrowing of the lines)
those described above appear in these schemes. Somepear as a result of the specific symmetry of the com-
additional effects were found in the system with the lowespound nuclear-electron system.
level |1) split into two sublevels (Fig. 1c). The most These effects provide a number of interesting applica-
obvious one is an optical pumping of atoms into a sublevelions. For example, appearance of new Mdssbauer lines
that is not coupled to a driving field. This results in ashifted by the magnitude of the isomer shift (caused by
polarization of the nuclear spin and hence in vanishinga change of nuclear radius in the excited state) allows a
absorption from the sublevel that is depleted by opticalirect measurement of this shift (and hence a derivation
pumping. In the case of a monochromatic field drivingof the relative change of the nuclear radius) that cannot
the 1-2 andl’-2 transitions simultaneously, both 1-3 and be observed in the traditional MGssbauer spectroscopy.
1’-3 absorption lines practically disappear as a result oMoreover, laser-Méssbauer spectroscopy permits a mea-
coherent population trapping (Fig. 3). This means that theurement of the isomer shift even when it is smaller than
medium becomes transparent for the gamma-ray radiatiothe optical linewidth(yo > A) and, hence, cannot be re-
This result is preserved even when both the optical andolved by means of optical spectroscopy.
v-ray lines overlap the hyperfine structure. The hyperfine structure of Mdssbauer transitions is
Similar effects can be also observed in the emissioneaused by an interaction of the nucleus with both the
absorption spectra of the excited nuclei. Resonant opticdbcalized electrons (associated with a particular atom)
driving of the electronic transition in the excited nuclearand electrons in the conduction band. Optical driving
state provides also some additional features such as tladfords a unique opportunity to study the contribution
appearance of new emission lines as a result of Ramaof a particular electron from the localized outer shell.
scattering. Adding an incoherent pump to the resonanthe method relies on the contribution of this electron to
optical drive produces the typical schemes of inversionleseesonant behavior of the optical transition.
amplification in the gamma-ray range suchlasA, and Typically, optical transitions in solids are broadened
doubleA (which have been realized in optics [7]). both homogeneously and inhomogeneously. Some situ-
Laser-Mdssbauer spectroscopyThe following modi-  ations where homogeneous broadening is narrower than
fications of Mdssbauer absorption-emission spectra undéhe hyperfine structure have been realized recently in the
the action of coherent optical driving are possible. (1) Ap-experiments demonstrating electromagnetically induced
pearance of new Mdssbauer lines (shifted with respect toransparency in solids [8]. On the other hand, in the limit
original lines by the magnitude of the hyperfine structure)of a strong driving field Q > A), neither homogeneous
(2) Dynamic Stark splitting of both original and additional nor inhomogeneous broadening prevents the observation
Mossbauer lines (Autler-Townes effect). (3) Broadeningof the Mdssbauer spectra modifications.
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Prospects for gamma-ray lasers.Optical driving betweer.5 and1 um that can be used for coherent opti-
opens new prospects for gamma-ray lasers. The usuadl driving.
pumping schemes require intense incoherent pump and The Mdssbauer measurements fofEW’™ show a
lead to overheating of the material and destroying thehemical isomer shift ofi5 mm/s, which is larger than
conditions for Mdssbauer effect (see a recent exhaustivime natural line width [11]. The shift is determined by
review [2]). On one hand, this is due to the high resonants ~ §|(0)|>?6R?/R?, where §|(0)|* is the change of
losses (which typically exceed nonresonant losses bthe electron density at the nucleus. In these experiments,
3 orders of magnitude). On the other hand, this is causethe change of the electron density was produced by dif-
by the inefficient multistage cascade from the higher{ferent chemical surroundings of the absorber and emitter.
excited energy state to the upper lasing state, since @ptical driving of electronic transitions (many of which
direct pump at an operating transition in two-level schemestart from the ground state) provides a different way to
does not provide a population inversion. Coherent opticabary this density and, hence, to measure the optically in-
driving allows both the reduction of resonant lossesduced isomer shift for the same chemical composition.
and the use of direct incoherent pump at the operating The authors gratefully acknowledge stimulating and
transition. The latter may be implemented in two ways:illuminating discussions with Marlan O. Scully. This
(1) via depletion of the lower lasing level (by meanswork has been supported by the ONR, NSF, the Welch
of either optical pumping in a doubl&-scheme or fast Foundation, and U.S. Air Force (Contract No. SPC-96-
decay from this level in a four-leveV configuration); 4031). One of us (Yu.R.) thanks NATO for its support.
(2) via inversionless amplification i, A or doubleA
schemes based on the coherent suppression of resonant
absorption.
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