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Nonreciprocity of Gamma Emission and Absorption due to
Quantum Coherence at Nuclear-Level Crossings
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We show that the presence of destructive interference due to quantum coherence at nuclear Zeeman
level crossings can totally preclude y-resonant absorption under appropriate conditions leaving resonant
emission intact. The underlying principle can be demonstrated in a Mossbauer eff'ect experiment and
has broad consequences in the domain of gamma optics.

PACS numbers: 42.50.Md, 76.80.+y

Coherence in radiation is generally observed when a
single photon simultaneously excites two levels, and the
two levels emit a photon leaving the system (of atomic or
nuclear spins) in the same final state. In principle, the
arrangement consists of two quantum paths linked
through a pair of intermediate levels ~1) and ~2), which
start from the initial level ~i) and end on the same final
level ~f) as shown in Fig. 1(a). The energy spacing of the
pair of levels ~1) and )2) must be less than the sum of the
radiative and homogeneous widths for these to be excited
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FIG. 1. (a) y-ray quantum interference in absorption ob-
served between the doublet ~11 and ~2) and the final level ~f),
when an rf field is applied between the initial level ~i) and the
doublet. The two quantum paths between ~i) and ~f) through
the doublet are shown by broken lines while the corresponding
photon transitions are shown in bold lines. In practice, the dou-
blet is produced by nuclear level crossings of Zeeman levels, as
illustrated in (b) for a nucleus of spin I; =

z in the ground
state. Presence of an electric field gradient and a magnetic field
leads to level crossings at H, l and H, 2.

simultaneously by a single photon. Angular momentum
conservation would require the photon transition from

~
i)

to
I
I) and I2) to be allowed by the atomic or nuclear

transition and the photon polarization selection rules with
similar considerations valid for the second photon absorp-
tion from

~
1) and

~
2) to If). In such a case, novel quan-

tum coherent effects can manifest if the amplitudes a;~
(alf) and a;2 (a2f) for the first (second) photon transi-
tions can interfere destructively or constructively. In
atomic systems, these basic ideas have led to the phe-
nomenon of emission without absorption and have stimu-
lated interest to realize lasers without inversion [1-3],
darkline resonances [4], and refractive index enhance-
ment [5]. The corresponding nuclear case has remained
largely unexplored, however. It is the purpose of this
Letter to show that nonreciprocity between resonant
emission and absorption of y rays in a crystal can occur,
and such an observation could serve as a basis to realize a
y-ray laser. At the outset it may be stated that nonre-
ciprocity between emission and absorption in either an
atomic or a nuclear spin system is the result of a different
density matrix in a ground state from that in an excited
state, as we shall show in this work. It is not related to
any violation of a fundamental symmetry law.

To illustrate the principle of the present method con-
sider a nucleus with ground- and excited-state spins of
I; = 2, If 2 respectively. Consider these nuclei to re-
side in a noncubic uniaxial crystal, which is immersed in

an external magnetic field H applied parallel to the c
axis of the crystal. The underlying hyperfine level split-
tings are shown in Fig. 1(b). In the noncubic crystalline
host the presence of a nuclear quadrupole interaction will
lead to a splitting of the I; =

2 ground level (since
I; & 2,eQAO) into a doublet. The magnetic field pro-
duces a Zeeman splitting which is linear in H, . This re-
sults in two nuclear-level crossings at fields H, , and H„
as shown in Fig. 1(b).

It is well known [6,7] that if the applied magnetic field
H, is tilted by a small angle P with respect to the electric
field gradient (V„) axis, then the pair of Zeeman levels
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with an energy spacing {at H„) of 2( —
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' ), where H~ represents the axial
symmetry breaking part of the Zeeman Hamiltonian and
h toit =git„HII. The level scheme of Fig. 1(b) at H, , bears
a close analogy to that of Fig. 1(a); level Ii) represents
the lm =+ —,

' ) level of the ground state, the pair of inter-
mediate levels

I I) and I2) represents the two mixed nu-
clear levels which are a superposition of the pure Zeeman
states Im = —

2 ) and Im = —
2 ), while the final state If)

represents the Zeeman level Im = —
2 ) of the nuclear ex-

isted state IIf =
2 ).

Coherence between the pair of levels I 1) and I2) can be
achieved by using a single rf photon to simultaneously ex-
cite the doublet starting from the level Ii), provided the rf
bandwidth exceeds the energy splitting of the pair, and
the transitions Ii) I

1 & and Ii) I2) are allowed for rf
absorption. This process will produce a density matrix
(pi i,p22, p12) that contains coherent terms like p12 that we
shall calculate later. Absorption of a y ray from such a
coherently prepared ensemble of nuclear spins will in gen-
eral show quantum interference between the amplitudes
0 1f and a 2y. %'e can calcul ate the y- ray absorption rate
(dpff/dt) in terms of the density matrix terms (pi i,
p22, p12) using the Von Neumann equations generally
used to describe the time evolution of a system

r)p I I

rlt

~)P22

|It
(I l h ) (P2fHf2 H2fpf2) —rp22

~Pff = —(I/h)(pi fHf I HI fpfi )

—(i/h)(p2fHf2 H2fpf2),
r)PIf

(Itiil f+ 2 r)Plf+ (I/ h )p12H2ft

+ (i/h)(pi I pff)H—If,
P2f

(tt02f+ r r)p2f + (I l h )p21Hift

+ (i / h ) (p22 pff )H2f—~

(3)

(4)

t)P12 = —(t~»+r) p12+ (i/h)(pifHf2 Hifpf—2),
(6)

where H,b =8' be '"', with 8',b representing the nuclear
and photon matrix element for the transition la) to Ib), I
is the radiative width for nuclear resonant absorption,
and 81~2~ is the detuning of the y-ray energy from levels

Solution of these equations can be obtained by in-
tegrating Eqs. (4) and (5) and replacing pii, p22, and p12

I

by their Initial values pi i p22 and p12 The general solu-
tion is

pff"=(WIf'14h') [r/«'14+~1') j(p;, —pf'f)+(W2f'/4h') [r/(r'/4+~2') j(p,', —p,', )

+ [(W2fWi f )/4 h. ') r+ i&12

(rl2 iB, )(r/2—+iB )

For emission of a y ray resulting from the transitions If) I
1) and If) I2), the initial conditions are pff =1 and

pii, p22, p12=0. From Eq. (7), the transition rate reduces to the sum of two Lorentzians

=(w, '/4h )r/(r'/4+si')+(W2 '/4h')r/(r'/4+F2')

For absorption of a y ray, on the other hand, the initial conditions require p11, p22, p12 to be each finite and pyy=0, and
from Eq. (7), the transition rate now includes an interference term in addition to the two Lorentzians, i.e.,

ff =(w '/4h') [r/(r'/4+~')Ipo +(w '/4h') [r/(r'/4+6')/p'

I +ttol2+ [(W2f W if )/4h ] p12+ c.c.
I 2 —ihi I 2+iii2

(9)

It is of interest to identify at least some of the conditions under which the interference term of Eq. (9) completely
cancels the contribution of the two Lorentzians to give a vanishing absorption rate, i.e., dpff/dt 0. To accomplish
this, first of all we need to calculate the initial density matrix of the pair of levels I 1& and I2& when an rf field is turned
on to couple these levels to the initial level Ii) = Im = —,

' ). This is achieved using the Liouville equations

r)PI I

Bt
= —rP11

r)P22

Bt
= —rP11—

( 2 2) 2 PI I Pii

2rHrf I v2i I

'
(r2+~2) h 2 P22 Pii

(10)
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where H, f and 0 represent the coupling strength and frequency of
matrix element of an rf transition between Zeeman states

I j) and
tuning of the rf field. To obtain the steady state solution when
=Bpq2/8t Bp~2/8t 0 and obtain the density matrices

2lc, I', , 2lc, l'
I+2lc, l' "' " i+2lc, l' "'

2
p V1i Vi 2 Hrf

Pt2= +
I +iN~2

an rf field, V~; (j II++I—Ii) represents the angular
Ii), while A~ = 0 —

N~ and Ap = 0 —N2 represent de-
a continuous rf field is applied, we equate r)p~~/81

(i4)

(is)

where

Vii H~f V2 HfC)= and C2 =
r —i~, h r+is2

For the case when the rf frequency (0) is tuned halfway in between levels
I
1) and I2) it is easy to show that detunings

h, ~

= —A2 = —
2 coi2. Further if we assume V~; ~ V;2, then C~ = + C2 and the y-absorption rate becomes

dpff I Ivl fl ' r I iv2f I

' r ~2f~f I

462 I '/4+8)2 4h' r'/4+&p
r —i (N)2/2) +C.C.

(r/2 i&~ ) (—r/2+i &2)

In Eq. (16), 8& and 6q represent the y-ray detuning from
the anticrossing point, i.e., 6~~2~ =mi~2)f co.

If one considers a y-ray absorption event starting mid-
way between levels Il) and I2) and ending on the final
state If) = lm = ——,

' ), it follows that the detunings
B~ = —6'2=

2 co~2. Furthermore, if the conditions

(i 7)8 ff +' 82f and V);=+ V2;

are satisfied, it then follows from Eq. (16) that the @-

absorption rate will vanish identically bringing us to the
central point of this Letter. Under these circumstances
the interference term [third term in Eq. (16)] is equal to
and opposite in sign to the sum of the first two Lorentzian
terms leading to a complete cancellation of terms. Thus
complete quantum destructive interference, i.e., switching
off the nuclear resonant absorption, occurs and this
dramatic effect can be demonstrated in a Mossbauer
effect experiment. In emission such an effect is excluded
because as shown earlier in Eq. (8), the interference term
is absent.

It is appropriate to inquire under what conditions can a
complete quantum destructive interference eff ect be real-
ized in the laboratory for known nuclear-level spin se-
quence encountered in Mossbauer spectroscopy. For the
spin sequence —', —,

' shown in Fig. 1(b), if an rf field is
tuned between Ii) and the pair of levels

I
1) and I2), the

selection rule for rf transitions (Am = + 1) will only mix
the i ) =

I m =
2 ) state with the I m = —

2 ) component of
the 1) and I2) pair of levels. In this case the rf matrix
elements V~;, V2; are equal in magnitude and sign. Now

if a y-resonant absorption experiment is performed in the
longitudinal geometry, i.e., yllH, then it is well known
that the hm 0 components are suppressed while the
hm + 1 components are allowed. Then, y-ray absorp-
tion from the I 1) and I2) pair of levels to the nuclear ex-
cited level If) = lm = ——,

' ), can only couple to the
lm = —

—,
' ) component of the pair, and therefore W

= —H 2;. We thus recognize that the conditions of Eq.
(17) are completely fulfilled and therefore one can expect
the y-resonant absorption to be completely suppressed for
the condition 6~ = —62. The situation discussed above is

by no means unique and there are other experimental
schemes that can be realized where complete quantum
destructive interference effect can be observed.

In summary, we have for the first time described the
principle and method to observe y-ray quantum interfer-
ence effects. Specifically, we have identified the condi-
tions under which a complete suppression of nuclear reso-
nant absorption can occur while leaving resonant emis-
sion intact. An application of this concept resides in y-
ray lasers [81 where suppression of absorption will
significantly ease the pumping and gain requirements for
lasing to occur. The underlying nonreciprocity, we be-
lieve, also has profound consequences to demonstrate y-
ray optical effects, such as polarization filters and large
refractive index change.

We are particularly grateful to Professor Bernard
Goodman for helpful discussions. This work was support-
ed by Innovative Science and Technology of Strategic

1826



VOLUME 71, NUMBER 12 PHYSICAL REVIEW LETTERS 20 SEPTEM BER 1993

Defense Initiative and managed by ONR Grant No.
N00014-88-K-2035.

[I] S. E. Harris, Phys. Rev. Lett. 62, 1033 (1989).
[2] A. Imamoglu and S. E. Harris, Opt. Lett. 14, 1344

(1989).
[3] A. Imamoglu, Phys. Rev. A 40, 2835 (1989).
[4] G. Alzetta, A. Gozzini, L. Moi, and G. Orriols, Nuovo

Cimento 36B, 5 (1976); 52B, 209 (1979); see also H.

Gray, R. Whitley, and C. Stroud, Opt. Lett. 3, 218
(1979).

[5] M. O. Scully, Phys. Rev. Lett. 67, 1955 (1991).
[6] R. Coussement, P. Put, G. Scheveneels, and F. Harde-

man, Hyperfine Interact. 23, 273 (1985).
[7] P. Put, R. Coussement, G. Scheveneels, F. Hardeman, I.

Berkes, B. Hlimi, G. Marest, 3. Sau, and E. H. Sayoutry,
Phys. Lett. 103A, 151 (1984).

[8] See, for example, 3. Quant. Spect. Radiative Transfer 40
(1988), edited by B. Balko, L. Cohen, and D. A. Sparrow,
for a view of developments in the field of y-ray lasers.

1827


