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Storage of Nuclear Excitation Energy through Magnetic Switching
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The decay rate of’Fe nuclei in an®’FeBGQ; 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

The feasibility to change the radiation of a coherentlyby synchrotron radiation pulses. The experiments were
excited nuclear ensemble by switching abruptly the direcperformed at the bending magnet beam line F4 at
tions of the magnetic hyperfine fields was demonstrated iHASYLAB (Hamburg) [9]. The synchrotron radiation
nuclear Bragg scattering of synchrotron radiation [1]. Inwas monochromatized to 6 meV by using a high reso-
the present experiment this technique was used to switdation monochromator [10] and directed to thEFeBG;
the coherent decay channel of a nuclear excitation off andrystal plate perpendicular to its surface (111). The scat-
on. The central idea was to study the possibility of stortering geometry is depicted in Fig. 1. FeB@ a canted
ing excitation energy by closing the coherent decay ana@nitferromagnet with a plane of easy magnetization paral-
releasing the stored energy later. lel to the (111) planes. FeBQvas chosen because of its

Nuclear resonant excitation produced by a photon magxcellent magnetic switching properties [1]. The crystal
decay coherently and incoherently. In a large ensemblevas 23 + 3 um thick and enriched ii’Fe to 95%. A
of nuclei, the spatially coherent decay channels intaconstant magnetic fiel#. = 20 G induced a magnetiza-
the Bragg directions and into the forward direction aretion parallel to the crystal plane surface and aligned the
dominant ([2,3]; for a review see [4]). They are alsomagnetic hyperfine field8!" at the nuclei of both sites
considerably speeded up with respect to the incoherent
decay channels, which have the natural lifetige Thus 2
a suppression of the coherent decay channels should result
in an essential slowing down of the total decay and in a "FeBO; H
storage of nuclear excitation energy. Ve

The properties of coherent excitations in resonant sys- R, .0
tems and, in particular, the question, to which extent such —— 9 /—"
excitations can be manipulated, are of general interest in H, e
physics [5]. Coherent effects strongly affect the decay f: Sonni. 5
rates of classical systems as well as of quantum systems g é_

--,,11_|’\J'|.A5’\

[4]. Such effects have been observed in optics for atomic
[6], excitonic [7] resonances, and recently even for isolated
two atom systems [8] where the coherent decay was ma- ln,..

nipulated by variation of the interatomic distance. For our ) o
experiment a nuclear resonance was employed, becau§ks: 1. Scattering geometry and scheme of switching the hy-
| . ideal del i " perfine field directions in th& FeBQ, crystal. The wave vec-
nuclear systems constitute ideal model oscillators Withor 1 ingicates the incident radiation and radiation coherently

coherent and incoherent decay channels of suitable tim@emitted in the forward direction. The polarization vectgr
scales, which moreover can be very fast manipulated byf the electric field lies in the plane of the synchrotron orbit.
magnetic interaction. A scattering geometry with only Solid arrowsB," indicate the initial setting of the hyperfine

one spatially coherent channel, namely, forward scatterindields at the two different site = 1,2) in the crystal unit cell
was used. aligned by the external magnetic field.. Open arrows indi-
Time spectra of the nuclear forward scatterin Werecate their setting after switching, which is performed at time
me Sp 57 . g\ t' by application of the external magnetic fieldl, LH,.. The
studied in a’’FeBG; single crystal after the excitation switching angle is denoted bg’. Switching back by angle

of the 14.4 keV*’Fe nuclear resonande, = 141.1 ng)  g” = — B’ is achieved by turning off the fiel#, at time:”.
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n = 1,2 in the crystal unit cell in such a way that the inci-
dent beam in the, polarization state excited only the two
Am = my, — m, = 0 transitions; see inset in Fig. 2(a).
The measured time spectrum of the radiation interiity
reemitted into the forward direction shows the quantum
beat pattern characteristic for nuclear scattering via these
two transitions [11] [see Fig. 2(a)].

The application of a pulsed magnetic field, =
58 G in the crystal plane perpendicular . at time
t' after the excitation [12] produces an abrupt rotation
of the magnetization resulting in drastic changes in
the time spectrum. The changes are very sensitive to
t’: (i) Switching at:’ = 16 ns, a time coinciding with
a maximum in the unperturbed quantum beat pattern
[Fig. 2(a)], results in the quite different time spectrum of
Fig. 2(b), which corresponds to the emission, where only
the Am = =1 transitions are involved. No change in the
time-integrated count rate is observed. (ii) Switching at
t' = 8 ns [see Figs. 2(c)-2(e)], a time coinciding with
the first minimum in the unpertured quantum beat pattern
[Fig. 2(a)], preserves thAm = 0 pattern, but leads to a
drastic reduction of the total number of couddé (¢/, +")
in the interval between’ and¢”. The reduction is given
by N (', ")/ N, (', t") = 04, x = c,d,e.

Switching back by turning off the fieldf, at:” = 81,
188, and 390 ns [see Figs. 2(c)—2(e)] causes pronounced
bursts of radiation in the forward direction. The total
number of countsN,(t",~) after the second switch-
ing exceeds significantly the corresponding number of
counts N, (t",) in the unperturbed spectrum, e.g.,
N, (1", 0)/ N, (", ) = 75. The time dependence of
N, (¢, ) can be described by the empirical law

N (t",00) = [Nt ") — N (', 1")]
X exp{—t" — t')/10}.

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

To account for the changes in nuclear radiation caused
by switching and to evaluate the time spectra the the-
ory of the nuclear forward scattering in the presence of
time-dependent hyperfine interactions has been developed
i _ . [18,14].

FIG. 2. Time spectra of the nuclear forward scattering in - ;
STFeBG;: (a) unperturbed; (b)—(e) perturbed by switching them%nnggzer:qn:rfe?gfsir?rt]ﬁgtgnrgﬁlﬁé(vxniegnfiag% dsg)l(rgt)g d

i i =t =t/ . . .
prygtal magneuzatlon.forth. at =1 and back at = 1 as (A = e) states is considered. The nuclei are embedded
indicated by the vertical lines. All spectra are normalized.

to equal incident integrated flux. The solid lines are the!" adqrygtal pl?te 0:: tthkneSII_é '3 the y glregtlon. A
theoretical fits assuming instantaneous switching,at’. The y-radiation pulse of an amp Eu £(0, f) = €d(1)eo at
best consistent fit of the data was obtained with a switchin he crystal entrance surface =0 excites the nuclear

angle g’ = —B" = 72°. The dotted line indicates the natural transitionsg — e with energy Ey = E, — E, and full
decay. natural widthI'y. The amplitudeE(L, r) of the radiation
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pulse caused by the coherent multiple forward scatteringiere g’ is the switching angledf,?in are the rotation
. a . AMTEX
from the nuclei is calculated by the wave equation [14] matrices, andy) are the spin projections om,.

dE(y,1) ! At t+ = ¢ the magnetic hyperfine fields are switched to
dyy - _g KeJe(1) f_x drJi(7) - E(y,7). n... In the present experimemt., = n.. The J.(¢) at
t > t" are described by the same Eq. (5), however, with
(1) the substitutiont’ — €¢” and Sp.(B', 1) — Spe(B", "),
In compliance with the two-stage character of the resowhereSy, is defined as

nance scattering the nuclear transition currefi&) = 0o L el ot
J)(nng)mp(t) [15], which are the matrix elements of the See(B7.17) = ;S‘)"’f’('g A0 = O)SeBLE). ()

operator J"(r) = U&")T(t,0)}'(k)f]§")(t,O)exp(iEot/h)
between the ground and excited nuclear stdies),
occur twice in the wave equation: once due to t
nuclear excitation at time and once due to the deex-
citation atr; j(k) is the nuclear current density vector above

cA)peratori |n[ morp((enr)\tum rep[esentanong )(tz’ n) = The incident radiation pulse excites monochromatic nu-

Texd—% [, drH)"(r)] and T are the evolution and clear transitions [see Eq. (4)]. This results for the de-

the time-ordering operators, respective&l[/\(n)(t) is the layed spectrum [see Eq. (2)] in a sum of monochromatic

nuclear Hamiltonian; K; = 27N, f,(k)/kc*(21, + 1), ~ components

with N,, being the number of the nuclear siteq the unit )

volume, and]gn(k) being the Mossbauer factor. Ey(L,1) = LL(1) Z Aelk) exd —iQet], (8)
The solution of Eq. (1) is given by the sufXy, 1) = ¢

€ XYoo E.(y,1) with Eo(y, 1) = 8(t)eo representing the \yith the amplitudes (k) = je(k)Ke[jér(k) - eo]

The theory outlined was used to evaluate unperturbed
heand perturbed time spectrd(t) = |E(L,t)|*; see solid
lines in Fig. 2. It will be used as well in the following
discussion of the changes in the time spectra noted

prompt response. The other terms, e.g., The switching transformseach initially excited
¥ monochromatic transitiorf into a multiplet composed
E\(y,1) = —yg KeJe()[J¢(0) - eo], (2)  of all allowed transitions¢’ projected onto the new

, L guantum axisn, [see Eq. (5)]. Despite this complica-
representing delayed nuclear reemission are generated RY¥,, the time spectrum is given by the same Eq. (8)
iteration. The terms witm = 0 and n = 1 give the however, with the substitutiof — ¢, — (¢ — ¢/) on
solution in the thin crystal limit which will be used in e right-hand side. The amplitudes are now built up
fur;\her d('fcusts'ot?l- i definitiond () determined b by the interference of the initia!rly excited transitiofis
ccording to their definition/(¢) are determine . . :
the nuclearg Hamiltonian, whichfin case of switching i/he(ﬁe't(hkg jaljlfé(g )0%7, i‘@r’]‘a(f,l’ iagj fn(tlfa)rf'efgg{ceDriF;(;n?ég%It
magnetic hyperfine fields is equal to [16] in the creation of new frequency components as well as
O Ty 1,B™(¢) in the suppression of already excited ones. It may even
A () =Ey — i 5 Ore = MA —1/\ ) happen that all the components and thus the total coherent
initially. bef itchi N th . reemission are suppressed. However, this implies by no
nitially, betore SW'EC) ing (0 s ), the magnetic  meang that the transition currenfs(r) are annihilated.
fields are constanB™)(r) = By " and aligned withn..  virtually they still exist. Therefore one can change the
Under these conditions the transition currents are given biterference by the next switching and thus recover the

_ . . coherent emission.
() = etk expl =it} (1), () For the conditions of our experiment this general

where {(¢) = exp(—Iot/2h), andhiQ¢ = (u,m,/I, —  description gives the following picture. For simplic-
wem./1,)BY" is the correction to the transition energy [ty We shall discuss 90 switching. The doublet of
due to the hyperfine interaction. Am = 0 transitions with the energieB, = h() is ex-

At 1 = ¢/ the directions of the hyperfine fields are ci_ted; see Fig. 3(a). This results in a time spectrum

switched instantaneously ta,.. This is described by 9iven by E(r) « 2{(1)A(k)cos€l: [see Eq. (8)] with
(n) A(k) < k X n, [17]. The switching splits each ex-

(n) — I _ , 4 H _
ilr}] t(r?e unﬁost[:zg(f ) + ny0(c = )] with () be cited monochromatic transition into sextets. It is impor-
g ; b tant that in case of the 90switching the components
function and leads to ! : )
having the same energies are of equal strength in both
_ i (k —iQu(t — ]Sk, (5 sextets [13]. '_I'hey differ only _by their signs an(_j time
Jet) = £() ; Jeleyexd=iQe(r = 1)]See ®) phases; see Fig. 3(b). In the time spectrum the interfer-
@) W) ence of the sextets leads to amplitudés (k) oc%k X
See(B' 1) = di/m,(Bduim,(B) eXA—iQet'].  (6)  nysinQr for the Am' =0 and A (k) * n, cosQr’
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FIG. 3. Scheme of transformations in the radiation>tfe
nuclei caused by 90switching. (a) Before switching. Decay
via the transitionsAm = 0 excited by synchrotron radiation.
(b) Switching transforms each monochromatic transition into a
sextet. The strength of similar transitions in the two sextets
are equal. Their phases are different and are determined b
the signs of the elements of the rotation matrices and by
exp(£iQt') originating from the parent transitions. If, e.g.,
'=Q '7(qg + 3),g=0,1,..., a pure Am' =0 spectrum
results (c).

for the Am’ = 1 components. In agreement with ex-
periment, switching at’ = Q '7q, ¢ =0,1,..., i.e.,

Suppression and restoration of the coherent nuclear decay
originate from drastic changes of the nuclear states and of
the interference within the nuclear transitions caused by
the magnetic switching.
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We want to emphasize that switching the magnetid15] Unless it causes ambiguities a joint indéx= {m, —

hyperfine field directions into a directiom,. parallel to
k would result in a complete suppression of the coherent

emission. Nevertheless, switching back changes again thes

interference of the transitions and should restore strong
reemission into the forward direction. Experiments into
this direction are in preparation.

In summary, we have demonstrated the possibility

to control the total coherent decay rate and to storgp7)

nuclear excitation energy by magnetic switching. The
experimental results are well described by the theory.

m,,(n)} is used for brevity to denote both the nuclear
transition and the site numbers.

S’Fe nuclei in’’FeBQ; experience both magnetic and a
weak quadrupole hyperfine interaction. This was rigor-
ously taken into account in the evaluation of the time
spectra shown in Fig. 2. However, for more vividness we
omit in the discussion outlined in this Letter the influence
of the quadrupole interaction.

Here the explicit expression for thg, ., (k) for the M1
nuclear transitions was used. See, e.g., Yu. M. Kagan and
A.M. Afanas’ev, Z. Naturforsch28a 1351 (1973).
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