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Storage of Nuclear Excitation Energy through Magnetic Switching
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The decay rate of57Fe nuclei in an57FeBO3 crystal excited by 14.4 keV synchrotron radiation
pulses was controlled by switching the direction of the crystal magnetization. Abrupt switching some
nanoseconds after excitation suppresses the coherent nuclear decay. Switching back at later times
restores it, starting with an intense radiation spike. The enhanced delayed reemission is due to the
release of the energy stored during the period of suppression. Suppression and restoration originate
from drastic changes of the nuclear states and of the interference within the nuclear transitions.
[S0031-9007(96)01296-3]

PACS numbers: 76.80.+y, 42.25.–p, 42.50.Md, 78.70.Ck
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The feasibility to change the radiation of a coherent
excited nuclear ensemble by switching abruptly the dire
tions of the magnetic hyperfine fields was demonstrated
nuclear Bragg scattering of synchrotron radiation [1]. I
the present experiment this technique was used to swi
the coherent decay channel of a nuclear excitation off a
on. The central idea was to study the possibility of sto
ing excitation energy by closing the coherent decay a
releasing the stored energy later.

Nuclear resonant excitation produced by a photon m
decay coherently and incoherently. In a large ensemb
of nuclei, the spatially coherent decay channels in
the Bragg directions and into the forward direction ar
dominant ([2,3]; for a review see [4]). They are als
considerably speeded up with respect to the incohere
decay channels, which have the natural lifetimet0. Thus
a suppression of the coherent decay channels should re
in an essential slowing down of the total decay and in
storage of nuclear excitation energy.

The properties of coherent excitations in resonant sy
tems and, in particular, the question, to which extent su
excitations can be manipulated, are of general interest
physics [5]. Coherent effects strongly affect the deca
rates of classical systems as well as of quantum syste
[4]. Such effects have been observed in optics for atom
[6], excitonic [7] resonances, and recently even for isolat
two atom systems [8] where the coherent decay was m
nipulated by variation of the interatomic distance. For ou
experiment a nuclear resonance was employed, beca
nuclear systems constitute ideal model oscillators wi
coherent and incoherent decay channels of suitable ti
scales, which moreover can be very fast manipulated
magnetic interaction. A scattering geometry with onl
one spatially coherent channel, namely, forward scatterin
was used.

Time spectra of the nuclear forward scattering we
studied in a57FeBO3 single crystal after the excitation
of the 14.4 keV57Fe nuclear resonancest0 ­ 141.1 nsd
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by synchrotron radiation pulses. The experiments we
performed at the bending magnet beam line F4
HASYLAB (Hamburg) [9]. The synchrotron radiation
was monochromatized to 6 meV by using a high res
lution monochromator [10] and directed to the57FeBO3
crystal plate perpendicular to its surface (111). The sca
tering geometry is depicted in Fig. 1. FeBO3 is a canted
anitferromagnet with a plane of easy magnetization para
lel to the (111) planes. FeBO3 was chosen because of its
excellent magnetic switching properties [1]. The crysta
was 23 6 3 mm thick and enriched in57Fe to 95%. A
constant magnetic fieldHc ­ 20 G induced a magnetiza-
tion parallel to the crystal plane surface and aligned th
magnetic hyperfine fieldsB

snd
0 at the nuclei of both sites

FIG. 1. Scattering geometry and scheme of switching the h
perfine field directions in the57FeBO3 crystal. The wave vec-
tor k indicates the incident radiation and radiation coherent
reemitted in the forward direction. The polarization vectore0
of the electric field lies in the plane of the synchrotron orbit
Solid arrowsB

snd
0 indicate the initial setting of the hyperfine

fields at the two different sitessn ­ 1, 2d in the crystal unit cell
aligned by the external magnetic fieldHc. Open arrows indi-
cate their setting after switching, which is performed at tim
t0 by application of the external magnetic fieldHp'Hc. The
switching angle is denoted byb0. Switching back by angle
b00 ­ 2b0 is achieved by turning off the fieldHp at timet00.
© 1996 The American Physical Society
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FIG. 2. Time spectra of the nuclear forward scattering
57FeBO3: (a) unperturbed; (b)–(e) perturbed by switching th
crystal magnetization forth att ­ t0 and back att ­ t00 as
indicated by the vertical lines. All spectra are normalize
to equal incident integrated flux. The solid lines are th
theoretical fits assuming instantaneous switching att0, t00. The
best consistent fit of the data was obtained with a switchi
angleb0 ­ 2b00 ­ 72±. The dotted line indicates the natura
decay.
n
e

d
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n ­ 1, 2 in the crystal unit cell in such a way that the inci-
dent beam in thee0 polarization state excited only the two
Dm ­ mg 2 me ­ 0 transitions; see inset in Fig. 2(a).
The measured time spectrum of the radiation intensityIstd
reemitted into the forward direction shows the quantum
beat pattern characteristic for nuclear scattering via the
two transitions [11] [see Fig. 2(a)].

The application of a pulsed magnetic fieldHp ­
58 G in the crystal plane perpendicular toHc at time
t0 after the excitation [12] produces an abrupt rotatio
of the magnetization resulting in drastic changes i
the time spectrum. The changes are very sensitive
t0: (i) Switching at t0 ­ 16 ns, a time coinciding with
a maximum in the unperturbed quantum beat patte
[Fig. 2(a)], results in the quite different time spectrum o
Fig. 2(b), which corresponds to the emission, where on
theDm ­ 61 transitions are involved. No change in the
time-integrated count rate is observed. (ii) Switching a
t0 ­ 8 ns [see Figs. 2(c)–2(e)], a time coinciding with
the first minimum in the unpertured quantum beat patte
[Fig. 2(a)], preserves theDm ­ 0 pattern, but leads to a
drastic reduction of the total number of countsN st0, t00d
in the interval betweent0 and t00. The reduction is given
by Nxst0, t00dyNast0, t00d ø 0.4; x ­ c, d, e.

Switching back by turning off the fieldHp at t00 ­ 81,
188, and 390 ns [see Figs. 2(c)–2(e)] causes pronounc
bursts of radiation in the forward direction. The tota
number of countsNxst00, `d after the second switch-
ing exceeds significantly the corresponding number o
counts Nast00, `d in the unperturbed spectrum, e.g.
Nest00, `dyNast00, `d ø 75. The time dependence of
Nxst00, `d can be described by the empirical law

Nxst00, `d ­ fNast0, t00d 2 Nxst0, t00dg

3 exph2t00 2 t0dyt0j .

Also the peak count rates of the radiation bursts obey a n
ural decay law as indicated by the guideline in Figs. 2(c)
2(e). This indicates that the part of the excitation energ
the coherent reemission of which is forbidden as a resu
of the first switching, only decays with the natural lifetime
t0. Its decay is not speeded up, and this provides the po
sibility to store excitation energy.

To account for the changes in nuclear radiation caus
by switching and to evaluate the time spectra the th
ory of the nuclear forward scattering in the presence o
time-dependent hyperfine interactions has been develop
[13,14].

An ensemble of resonant nuclei with energyEl, spinIl,
magnetic momentml in the groundsl ­ gd, and excited
sl ­ ed states is considered. The nuclei are embedde
in a crystal plate of thicknessL in the y direction. A
g-radiation pulse of an amplitudeEs0, td ­ edstde0 at
the crystal entrance surfacey ­ 0 excites the nuclear
transitionsg ! e with energy E0 ­ Ee 2 Eg and full
natural widthG0. The amplitudeEsL, td of the radiation
3233
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pulse caused by the coherent multiple forward scatter
from the nuclei is calculated by the wave equation [14]

dEs y, td
dy

­ 2
X

,

K,J,std
Z t

2`
dtJ

y
, std ? Es y, td .

(1)

In compliance with the two-stage character of the re
nance scattering the nuclear transition currentsJ,std ;
J

snd
mgme std [15], which are the matrix elements of th

operator Ĵsndstd ­ Û
sndy
l st, 0dĵskdÛsnd

l st, 0dexpsiE0tyh̄d
between the ground and excited nuclear statesjmll,
occur twice in the wave equation: once due to t
nuclear excitation at timet and once due to the deex
citation at t; ĵskd is the nuclear current density vecto
operator in momentum representation;̂U

snd
l st2, t1d ­

T̂ expf2 i
h̄

Rt2

t1
dtĤ

snd
l stdg and T̂ are the evolution and

the time-ordering operators, respectively;̂H
snd

l std is the
nuclear Hamiltonian; K, ­ 2pNnfnskdykc2s2Ig 1 1d,
with Nn being the number of the nuclear sitesn in the unit
volume, andfnskd being the Mössbauer factor.

The solution of Eq. (1) is given by the sumEs y, td ­
e

P`
n­0 Ens y, td with E0s y, td ­ dstde0 representing the

prompt response. The other terms, e.g.,

E1s y, td ­ 2y
X

,

K,J,stdfJy
, s0d ? e0g , (2)

representing delayed nuclear reemission are generate
iteration. The terms withn ­ 0 and n ­ 1 give the
solution in the thin crystal limit which will be used in
further discussion.

According to their definitionJ,std are determined by
the nuclear Hamiltonian, which in case of switching t
magnetic hyperfine fields is equal to [16]

Ĥ
snd

l std ­ El 2 i
G0

2
dl,e 2 ml

ÎlBsndstd
Il

. (3)

Initially, before switching s0 , t , t0d, the magnetic
fields are constantBsndstd ­ B

snd
0 and aligned withnz .

Under these conditions the transition currents are given

J,std ­ j,skd expf2iV,tgz std , (4)

where z std ­ exps2G0ty2h̄d, andh̄V, ­ smgmgyIg 2

memeyIedBsnd
0 is the correction to the transition energyE0

due to the hyperfine interaction.
At t ­ t0 the directions of the hyperfine fields ar

switched instantaneously tonz0 . This is described by
Bsndstd ­ B

snd
0 fnzust0 2 td 1 nz 0ust 2 t0dg with ustd be-

ing the unit step
function and leads to

J,std ­ z std
X
,0

j,0skd expf2iV,0st 2 t0dgS0
,0, , (5)

S0
,0,sb0, t0d ­ d

sIgd
m0

gmg
sb0ddsIed

m0
eme

sb0d expf2iV,t0g . (6)
3234
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Here b0 is the switching angle,d
sIld
m0

lml
are the rotation

matrices, andm0
l are the spin projections onnz0 .

At t ­ t00 the magnetic hyperfine fields are switched
nz00 . In the present experimentnz00 ­ nz . The J,std at
t . t00 are described by the same Eq. (5), however, w
the substitution,0 ! ,00 and S0

,0,sb0, t0d ! S00
,00,sb00, t00d,

whereS00
,00, is defined as

S00
,00,sb00, t00d ­

X
,0

S0
,00,0sb00, t00 2 t0dS0

,0,sb0, t0d . (7)

The theory outlined was used to evaluate unperturb
and perturbed time spectraIstd ~ jEsL, tdj2; see solid
lines in Fig. 2. It will be used as well in the following
discussion of the changes in the time spectra no
above.

The incident radiation pulse excites monochromatic n
clear transitions, [see Eq. (4)]. This results for the de
layed spectrum [see Eq. (2)] in a sum of monochroma
components

E1sL, td ~ Lz std
X

,

A,skd expf2iV,tg , (8)

with the amplitudesA,skd ­ j,skdK,fjy
, skd ? e0g.

The switching transforms each initially excited
monochromatic transition, into a multiplet composed
of all allowed transitions,0 projected onto the new
quantum axisnz0 [see Eq. (5)]. Despite this complica
tion, the time spectrum is given by the same Eq. (8
however, with the substitution, ! ,0, t ! st 2 t0d on
the right-hand side. The amplitudes are now built u
by the interference of the initially excited transitions,:
A,0skd ­ j,0skd

P
, S0

,0,sb0, t0d fj
y
, skd ? e0g. Depending

on the values ofb0 and t0, the interference may resul
in the creation of new frequency components as well
in the suppression of already excited ones. It may ev
happen that all the components and thus the total cohe
reemission are suppressed. However, this implies by
means that the transition currentsJ,std are annihilated.
Virtually they still exist. Therefore one can change th
interference by the next switching and thus recover t
coherent emission.

For the conditions of our experiment this gener
description gives the following picture. For simplic
ity we shall discuss 90± switching. The doublet of
Dm ­ 0 transitions with the energiesE0 6 h̄V is ex-
cited; see Fig. 3(a). This results in a time spectru
given by Estd ~ 2z stdAskd cosVt [see Eq. (8)] with
Askd ~ k 3 nz [17]. The switching splits each ex-
cited monochromatic transition into sextets. It is impo
tant that in case of the 90± switching the components
having the same energies are of equal strength in b
sextets [13]. They differ only by their signs and tim
phases; see Fig. 3(b). In the time spectrum the interf
ence of the sextets leads to amplitudesA,0skd ~

1
2 k 3

nz0 sinVt0 for the Dm0 ­ 0 and A,0skd ~ nz0 cosVt0
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FIG. 3. Scheme of transformations in the radiation of57Fe
nuclei caused by 90± switching. (a) Before switching. Decay
via the transitionsDm ­ 0 excited by synchrotron radiation.
(b) Switching transforms each monochromatic transition into
sextet. The strength of similar transitions in the two sexte
are equal. Their phases are different and are determined
the signs of the elements of the rotation matrices and b
exps6iVt0d originating from the parent transitions. If, e.g.,
t0 ­ V21psq 1

1
2 d, q ­ 0, 1, . . ., a pure Dm0 ­ 0 spectrum

results (c).

for the Dm0 6 1 components. In agreement with ex-
periment, switching att0 ­ V21pq, q ­ 0, 1, . . ., i.e.,
at times which coincide with a maximum in the un-
perturbed time spectrum, results in radiation comprisin
only the Dm0 ­ 61 components. Switching in a mini-
mum, i.e., at t0 ­ V21psq 1

1
2 d, results in radiation

comprising the sameDm0 ­ 0 components as in the un-
perturbed spectrum, however, with their amplitudes re
duced by a factor of 2 and in a different polarization
state; see Fig. 3(c).

We want to emphasize that switching the magnet
hyperfine field directions into a directionnz0 parallel to
k would result in a complete suppression of the cohere
emission. Nevertheless, switching back changes again
interference of the transitions and should restore stron
reemission into the forward direction. Experiments into
this direction are in preparation.

In summary, we have demonstrated the possibilit
to control the total coherent decay rate and to sto
nuclear excitation energy by magnetic switching. Th
experimental results are well described by the theor
a
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Suppression and restoration of the coherent nuclear de
originate from drastic changes of the nuclear states and
the interference within the nuclear transitions caused
the magnetic switching.
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