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Coherent control of nuclear pumping in a three level systered by x-ray light is investigated. In single
nuclei, the pumping performance is determined by the biiagctatio of the excited state populated by the
x-ray pulse. Our results are based on the observation theisambles of nuclei, cooperative excitation and
decay leads to a greatly modified nuclear dynamics, which lveeacterize by a time-dependent cooperative
branching ratio. We discuss prospects of steering the yuayping by coherently controlling the cooperative
decay. First, we study an ideal case with purely superradianay and perfect control of the cooperative
emission. We then turn to a numerical analysis of x-ray pmgpn nuclear forward scattering, with coherent
control of the cooperative decay via externally applied nedig fields. Finally, we discuss the application of
such control techniques to the population or depletion nfitved nuclear states.

PACS numbers: 73.20.Mf, 78.70.Ck, 75.78.Jp, 76.80.+y

Coherent control in quantum optics and atomic physics proeut the life time of the excitonic state. This technique was
vides an efficient tool to investigate atomic propertiesnipa  used to demonstrate suppression of coherent decay and thus
ulate the dynamics of the system and open new perspectivestorage of energy in an excitonic state by inducing destruc-
for instance on light propagation and non-linear responsdive interference among the coherent decay chan@glmi, 18
Similar possibilities with nuclear systems have been abnsi A similar setup using this technique can be used to generate
ered with great interestl[1-7] shortly after the realizattd  single photon entanglement in the x-ray regife [19, 20]. Al-
the first laser in the optical barid [8]. However, up to now¢her ternatively, suppression of the coherent decay can bewsahie
are only very few ways to exploit coherence effects in nucleaby destroying the spatial phase coherence in the sample, e.g
systems, and the dream of the nuclear laser is still out chrea with spatially inhomogeneous external fields. These fingling
The pursuit of coherent sources for wavelengths around-or benvite the search for further applications of coherent oalruf
low 1 nm is supported by the advent and commissioning ofooperative nuclear decay.
x-ray free electron Iaseré [0.]10], whose operation however Motivated by this, in the present paper we investigate the
does not rely on nuclear systems. Nevertheless, it can be egoherent control of nuclear x-ray pumping in NFS. Nuclear
pected that the lack of suitable coherent light sourcesstiill  x-ray pumping denotes here the controlled transfer of popu-
prevent a direct transfer of quantum optical schemes taenucl |ation between different nuclear states by application-cdy
in most cases. light. As model system, we assume nuclei in a three-level

One common experimental setup in which coherence is\-configuration as shown in Figulé 1(a). The nuclei initially
known to play a major role is light scattering off of nuclei. reside in the ground stat&). A SR pulse in NFS setup ex-

In coherent nuclear forward scattering (NFS), intense -highcites part of the nuclei to the excited stafe), followed by
frequency light such as that from a synchrotron radiatid®)(S decay either back to the initial sta@) or to the target state
source is monochromatized at a nuclear resonance enedgy, aT), which could be an isomeric state. In an isolated nucleus,
then hits a nuclear target. The resonant scattering on the nthe final state populations are governed by the branching ra-
clear ensemble (for instance identical nuclei in a crystal | tio. We show that in ensembles of nuclei, cooperative light
tice) occurs via an excitonic state, which is an excitation ¢ emission in NFS leads to an effective branching ratio. This
herently spread out over a large number of nu€léi[111-14]. Ircooperative branching ratioan significantly deviate from the

case of coherent scattering, the nuclei return to the Isitéde  single-nucleus branching ratio, and is time-dependentdy
after scattering, such that it is unknown which nucleus was

involved in the scattering process. This leads to cooperati
emission, with scattering only in forward direction (extk

— E —E
the case of Bragg scatteri 15, 16]) and decay rates mod 'r/ 'r//(
ified by the formation of sub- and superradiant states as key | R P | SR |r,
signatures.

Interestingly, the cooperative decay of the exciton (known —
also as coherent decay) can be coherently controlled in nu- @ (®)

clear systems that present hyperfine structure by a suitable

tation of the direction of an applied magnetic field through-F!G- 1. The considered three level system. (a) Skaie populated
by the SR pulse and can decay to the ground staieto the isomeric

statel, presumed to be long-lived. (b) The SR pulse couples sfates
and E. The initial statel is assumed to be metastable. For both (a)
* Palffy@mpi-hd.mpg.de and (b), the natural decay rates for {tf2) — |G) and|E) — |I)
t Keitel@mpi-hd.mpg.de transitions ar@'; andT';, respectively.
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herently suppressing the cooperative decay, the cooperatiindividual transition rates
branching ratio can be controlled.

We first analyze x-ray pumping in the ideal case of perfectly Fp=T1+T
superradiant cooperative decay that can be completely sup- =17 + ric 4 I + i, (1)
pressed at will after the excitation occurred. For this case
find that our approach allows to increase the target state popvhere the superscriptsand IC refer to the radiative and IC
ulation by a so-called superradiant enhancement factastwhi decay channels, respectively. An important parametereis th
is sample-dependent and potentially large. Then, we tuan to branching ratio of a single nucleus
numerical analysis of NFS with realistic parameters, asd di
cuss the performance and limitations in this particularlenp by — I3 +1i¢ @)
mentation of x-ray pumping and cooperative branching ratio YT T
control. We find that in this setup, even though cooperative _ ) . _ )
branching ratio control and consequently target state lepu which gives the fraction of th.e excited nuclei that will dgca
tion enhancement can be observed, the achievable enhand@the|l) state.l's =T'y +I'; is the natural decay rate of the
ment factor is only on the order of 2. Our analysis shows thafXCited stat¢E), i.e, the total incoherent decay rate.
the difference to the ideal case mainly arises from the dynam For @ collection of nuclei, the probability for radiativeazey

ical population of sub-radiant states in the cooperatiélgar ~ Pack to the initial state (the ground sta€)) can be greatly
decay. enhanced due to cooperative effects [13]. For example, spa-

Efficient nuclear state population control is an essentiafial coherence of the light source can lead to the formatfon o

ingredient to advanced measurement schemes such as staggeitonic nuplear states, which are characterized by a:dlblo
selective nuclear scattering, as well as to applicatioks i ized excitation coherently shared by a large number of mucle

nuclear lasers or the manipulation of isomers. In particu—The decay width of such excitonic states can be substantiall

lar, isomeric triggering or depletion—release on demand O+arger than that of a single nucleus, leading to superradian

the energy stored in the excited metastable nuclear stateﬂecay' Similarly, sub-radiant states with reduced dectgsra

has been proposed via a number of nuclear excitation mech &Y allso exist. Cooperat_lve decay oceurs provided that the
nisms, such as photoabsorptibnl[21, 22], Coulomb excitatio X¢itation cannot be localized at a single nucleus. This con
[23,[24] or coupling to the atomic shells [251-27]. The trigge d|t|or_1 is met by coherent scattering, in which the |n|t|a_\Uan
ing methods make use of a nuclear three-level scheme simile!\IPe. fm_al nuclear states coincide. In contrast, nuclean_lr,ecp
to the one presented in Figure 1(b). The isomer essentiall pin flip or th? change of the nuclgar state lead to chabnau
does not decay directly, but rather has to be excited to a trig fthe excitation, and thus essentially to single-partiseay.

ger statg E) which can subsequently decay with a branchingIn :\he caésg of the three level slysl;e;n SKGtC?ed n Fé@ére 1(a),
ratio also to the nuclear stajtg), which can be either the true coherent decay can occur only between stagsand |G),

ground state or a state directly connected to it. Contrahef t provided that the initial and final magnetic sublevels cmac

collective branching ratio in the case of NFS provides thereThe decayF) — |I), on the other hand, as well as all IC

fore a way to enhance the isomer depletion or population. Ouﬁ_har?nels and_the rr]adlatl\l/e d?{ﬂaz - t|G> Iu(]volvmg tsi'n_l_
results apply equally well to both scenarios in Fidure 1. Ipping occur inconerently, wi € natural decay ratese

. . . cooperative decay can be characterized by an additional co-
The paper is organized as follows. In Sectibn | we intro- b y y

> X : . . herent contributiol'.(¢) to the decay rate from¥) to |G).
d;;cl;e thehc_:oope{auve btraTcrlllng ra:_l?ld dlscussI art1h|deal CaThys, when comparing th&) — |G) and|E) — |I) tran-
0 it ra;nc Ing r? 1o cotn tr_o : bn %C an Hwe c’;lpp yt IesfeNrg- itions, the natural branching rath¢ no longer describes the
Sults 1o an impiementation based on coherent con'rol o raction of excited nuclei that decay frop) to |G) and to
and present a numerical treatment of the coherently sedtter |1), respectively
lt'r?ht for reallt§t|c garar?](_eters. t_Sec'u i Ipresetntts I’Esstdrl i In order to account properly for the coherent decay of the

€ cooperafive branching ratio and nuclear state popwall o, qitqnjc statg '), we introduce a cooperative branching ra-

dynamics taking into account the coherent decay and its po

; ) ; . Yi0. The starting point for defining this time-dependentmua
sible suppression forthe NFS case. Flna_lly, get. IV disgsiss tity is the nuclear exciton decay, governed in the secone Bor
and summarizes the results. Atomic units=£¢ 1) are used

throughout the paper. approximation by the set of equatiohsl[L3, 28]

d
Epe(t) = _[FC(t) + 1—‘/1 + FZ] Pe(t) ) (3a)
d
I. BRANCHING RATIO CONTROL %Pq(t) = [[o(t) + T} P.(t), (3b)
A. The cooperative branching ratio dipi(t) =TyP.(t), (3c)
t

An isolated nucleus in the excited staf¢) can decay via whereP.(t), P,(t) andP;(t) are the excited, ground and iso-
radiative decay or by internal conversion decay (IC) toegith meric state populations at timerespectively. The transition
of the ground and intermediate stdt&) and|/). The total rate to the ground state contains the time-dependent coher-
width of the excited state is then determined by the sum of thent ratel'.(¢), while the decay rate of the excitonic state to
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the isomeric stat@'s is the same as for the case of a single To explore the potential of the branching ratio control, we
nucleus. Note that the coherent decay fatg) actually in-  now assume ideal conditions of immediate suppression of the
cludes a part of the radiative widfly, namely the decays that coherent decay and constant superradiant decay rate,
proceed back to the initial magnetic sublevel. We therefore

: ; | t, =0, (8a)
denote in the equation above bY the incoherent part of the ,
radiative decay of ) to |G), involving a nuclear spin flip, Fe(t) =€ +1'2) = (T, (8b)
and the IC decay. The time-dependent transient cooperatigith ¢ > 1. In this case, the cooperative branching ratio

branching ratio for theE) — |I) transition is given by the  ithout control of the superradiant decay evaluates to
ratio between the incoherent decay rateand the total decay

rate for the excitonic state, pNC — _Ts (9)
r ‘ €+ 1) +T2)
be(t) = o 4 whereas the one with control of the superradiant decay (NSR
O=rmrr+n (4) w P y (NSR)
r
. o b= —2 (10)
B. Control of the cooperative branching ratio ¢ I +Ty

) ) _ o _ ) Thus, the suppression leads to an increase of the popuiation
Since immediately after the excitatiofi.(¢) is typically  the target state by a factor

much larger than the incoherent decay rdfgsandI's, the C NG

cooperative branching ratilg.(¢) during this time is consid- b [be ™ =&+1. (11)
erably smaller than the single-particle branching raidn  |n conclusion, collectivity leads to the enhancement oftthe
Eqg. (). In effect, the time-integrated branching ratiofirea-  ta| target state population—in our case the isomeric &fate
semble of nuclei ismallerthan the single particle branching in two ways. First, it accounts for an enhanced upper state
ratio by, thereby reducing the efficiency of the optical pump- population immediately after the SR pulse that will evetiyua
ing to the target statel). In the following, we will study  decay to theG) and|I) states . Second, as it follows from the
prospects for controlling the cooperative branching ratie)  equation above, the switching leads to a further enhancemen

assuming that the cooperative light emission dat¢/) can  py the factors + 1, where¢ is typically proportional to the
be controlled. In Se.]ll, we will discuss an implementationgensity.

of the control ofl".(¢), and analyze the performance of the
branching ratio control for realistic parameters.

In the second Born approximation used in Ed. (3), the time  1l. IMPLEMENTATION OF BRANCHING RATIO
dependence of the coherently scattered light intensitybean CONTROL IN NUCLEAR FORWARD SCATTERING
related to the coherent width Hy [13]

- In this section we discuss a concrete model system for
I(t) =T.(t)P.(t) . . : s
_ the branching ratio control implementation in nuclear x-ra
= Nole(t)e "1, (5)  pumping presented in the previous section. For this, we con-

aider the scattering of synchrotron radiation on Mossbaue
Clei embedded in a crystal target. For Mossbauer nuclei, th
coherent nuclear excitation occurs without a localizeaitec
. 1 [t and both the duration and the transit time of the SR pulse shin
['(t) = n / (Te(s) + T +Tg) ds. (6)  ing on a crystal target are short compared to the excited stat
0 lifetime 7 of the nuclear excited state. The pulse therefore
Imagine now that we can switch off the coherent deEaft) creates a collective nuclear excited state which is a djyatia

beginning with timet,. From Eq. [(6), the total decay rate of coherent superposition of the various excited state hyperfi
the excited state can then be written as levels of large number of nuclei in a certain coherence vol-

Lt ume in the crystal. This coherence leads to acceleration of
f(t) _ _/ (T, + Ty + Tu(s)O(ts — 8)) ds.  (7) both ex0|ta_t|on ar_ld deexcitation of t_h(_e nuclei, as requﬁoqed
0 the branching ratio control. For definiteness, we focus @ th

th tical descripti the-confi tion depicted in Fig-
The population of the two final state levels) and|I) and uril(%r(ea;ca escription on thecontigration depictedin g

the cooperative branching ratio can be obtained then by solv
ing numerically the equationis|(3) with the controlled camer

decay ratel'¢(t) = I'c(t)O(ts — ¢). Note that because the A. Wave equation for the coherently scattered light
suppressed coherent decay includes a subchannel of the in-

E?Qr?c:ﬁmgr?:tliiug? tﬁzigﬁ;iﬁ;ﬁg zsgiszltot?mrggc;?ng?;he The coherently scattered synchrotron light can be destribe
magnitude of the coherent decay diminishes. This is howeveV}IIth a wave equation similar to the atomic caisd [18]
only relevant when the radiative decay channel is not domi- ( 1 0? ) 4_7rgf

c ot

Here, the number of nuclei excited by the SR pulse is denote
by Ny, and we have introduced the effective decay fate [13]

=,

nated by the IC channel. peievl R (12)
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whereE is the electric field component of the light, ahthe  such that immediately after the excitation, the decay of the
nuclear source current. In slowly varying envelope approxi excitonic state is exponential and faster than the natecdy
mation, and for light propagating indirection, this simplifies

3 o 0242 —(E+1)T
to an equation for the envelopgsandZ given by I(1) = &€7e : (18)
9 - 9 -, This shows that indeed the coherent decay is accelerated rel
8_5 =——1. (13) ative to the incoherent, spontaneous de€ay immediately
Yy c

after the excitation. The decay is superradiant, as asstoned

Calculating the nuclear source current in second orderan ththe ideal case in Eqd.](8). We can now identify the enhance-
interaction of the light and the nuclei, one finally obtains amentfactog introduced in Section B and previously denoted

wave equation as superradiantin the introduction as the effective thaskrof
the sample, proportional to the sample nuclei density.
OE(y,t) > t - o For delayed timesy > 1/¢, the decay has a completely
oy ZKfJf(t)/ drJ/ (1) - E(y.7). (14)  (gifferent character. The fall-off is slow, in contrast tetimi-
© Z — 00

tial superradiant decay, and there is the onset of dynamical

Here, the excitation and decay steps of the resonant soatter beats, determined by the behavior of the Bessel function. A
are represented by the nuclear transition current mateix el typical time response fof = 10, together with the incoher-
mentsfg(t), and/ is a summation index running over all pos- ent natpral Qecay rate is shown in FlgIItg 2a. The dynamical
sible transitions, with properties characterizediy and the ~ Peat arises in our approach of the scattering problem frem th
nuclear sites [18]. We assume for simplicity in our calcula-Multiple scattering terms in Ed. (15). In terms of the exuito
tion only one nuclear site (for a more quantitative caldatat  cr€ated by the SR pulse, the dynamical beat can be explained
taking into account particular nuclear sites or sampleatar 28 interference effects of the radiative eigenmodes ofriye c

teristics, see the MOTIF cod29]). The equation above cal_tf""- The exciton itself can be written as a Bloch wave, which

be iteratively solved starting from an initial synchrotmanii- 'S 9enerally not a radiative normal mode of the crystal, but
ation pulseE(t) = £:6(t) which is instantaneous on the time rather a superposition of the eigenmodes that have a spread i
scale of the nuclear dynamics. The resultis a sum eigenfrequencies and decay rates. Since the eigenmodes are

not Hermitian orthogonal, interference effects lead toape
. o pearance of the dynamical beats in the evolution of the excit
E(y,t) =Y En(y.1t), (15)  [ad].

n=0 The coherent width of the excitonic stdfe is related to
the effective thickness parametger For times immediately

in which each term represents a multiple scattering ordes. T after the SR pulse, the width of the state is constant andhgive

total intensity of the scattered radiation due to the catitere - .
y yI'. = &'g. However, for later time§’'. becomes time-

decay_ channel is then given Wt,) - |E(L,’ t)|_2' whereLls dependent, and its value can be calculated numerically from
the thickness of the sample. Since the incident SR B5m  the time-dependent intensity of the scattered light. Fis, th
only plays a role at = 0, we neglect it in the calculation of \ye evaluate from EqL15)
the intensity. . '

I(t) _ Te(t)

I(t)  Te(t)

where the dot denotes differentiation with respect to time,

—[[1+ T2+ Te(t)], (19)
B. Time-dependent coherent decay rate

Let us first consider the case when the nuclear levels ha\)gadmg to

no hyperfine splitting, and there is only one transition €lniv . f(t)
by the SR pulse, corresponding to a singlen the sum in Te(t) = 0 + T+ To+Te(t)| Teult). (20)
Eq. (I4). For such a simple system the expression for the (t)
Intensity of the coherently scattered light can be obtasred  1,iq o105 to obtail.(¢) from the numerically calculated
alytically [13,[18], intensity I (t).

I(r) = 5§§e‘T[J1(\/4§_T)]2/T. (16) If there is hyperfine splitting of the nuclear levels, or if

there are shifts between the levels of nuclei located irediff

Here¢ is the dimensionless effective thicknegs; oz NL/4 ~ €ntchemical sites, light with different frequency computse
determined by the radiative nuclear resonance crossesecti iS €mitted. This results in a quantum beat modulation of the
or, the number density of Mosshauer nuclei in the sampl&ooperative decay rate, varying periodically between supe
N and the sample thickneds We have also introduced a radiant and subradiant emission into the coherent channels
dimensionless time coordinate= I'z¢. The Bessel function With beat frequencies determined by the frequency diffegen

of first order.J; can be approximated for the limit of very among the various transition resonances. In Figlire 2b we
small timesr < 1/¢ as show as an example the intensity of the scattered light as a

function of time for a nuclear system with total angular mo-
[N (VED]? e 17 menta of the ground and excited states are 1/2 and 3/2, re-
ér =€ 7 (17) spectively, for which an\/1 transition between the hyperfine



5

produce gamma echos in NFS experiments originally using
Mossbauer source's [34]. Subsequently nuclear excitonsech

100t produced by ultrasound vibrations of the sample in NFS of
g SR were observef [B5]. Here the coherent decay was manipu-
%’ 1 | lated via the relative phase between the electromagnetic fie
= 3 scattered from two sample foils. Alternatively, changihg t
¥ 1072 hyperfine magnetic field at the nuclear sites also provides a
£ way to control the coherent decay. Following the experiment

described in Ref[[36] on the effect of an abrupt reversal of
the hyperfine magnetic field direction for NFS of light from
a Mossbauer source, results confirming the feasibilitywsf n
clear coherent control also in NFS of SR were presented in
Ref. [17]. The decay rate 6f Fe nuclei in a*"FeBOj crystal
excited by 14.4 keV SR pulses was changed by switching the
direction of the crystal magnetization. The nuclear hyperfi
fields were used to partially switch the coherent decay cblann
of the nuclear excitation off and subsequently on, dematstr
ing the possibility to store nuclear excitation energy.

We address in the following the possibility to suppress the

| (arb. unit$

00 05 10 15 20 coherent decay for a nuclear system with hyperfine structure
by changing the magnetic field at the nuclear sites, as de-
T scribed in Ref.[[17]. A switching of the magnetic field direc-

tion changes the quantization axis for the nuclear systém. |
FIG. 2. (a) Intensity of the coherent scattered Iight (sui'nﬂline),.in- such a rotation is applied almost instantaneously andttjjrec
coherent natural decay (dash-dotted magenta line), amisuant — arer the SR excitation, the quantization axis changeslaad t
decay in Eq. [(I8) (dashed blue line) for a nuclear samplefetef population of the hyperfine levels is redistributed acoogdd
tive thickness¢ = 10 and a single nuclear transition driven by the . . - o .
SR pulse. (b) The hyperfine splitting of the nuclear levetsdpces the_ new hyperfine ba5|§: For spe_C|f|c switching times and ro-
quantum beats in the intensity of the scattered light. tation angles, the transition amplitudes for the coherentg
can destructively interfere, thus suppressing the cohelen
cay. The partial suppression and subsequent release ajthe ¢
herent nuclear decay are the consequence of interference be
sublevelsAm = 0 is driven by the SR pulse. The quantum tween the hyperfine transitions, bearing a close resemdélanc
beat frequencies were chosen tog = +28.3I';, which  to the underlying effect of electromagnetically inducexhs-
are realistic parameters for the Mdssbauer transitiomfittee ~ parency in quantum optics [28./37].
ground state to the first excited state’Tie. A detailed analysis of the effect of the switching time on
It should be mentioned that the expression in Edl (16), firsthe coherent decay intensity and polarization for fhid
derived to describe the propagation and multiple scatesfn  Mossbauer transition in iroA”Fe has been carried out in
gamma rays in resonance with a nuclear absorption line, iRef. [20], following the original idea in Ref, [17]. It has &e
applicable for excitons in different physical systems amd p shown that an aimost complete suppression of the coherent de
rameter regimes. For instance, it has also been derived to deay can be achieved for certain geometry configurationiseif t
scribe the propagation of short weak laser pulses throwsgh re magnetic field direction is rotated from parallel to the s&mp
nant matter [30] and has been used experimentally to enhanee being perpendicular to the sample and parallel to the ligh
transient absorption in the infraréd [31]. Experimentaiie  propagation direction at the time moment when the quantum
dynamical beat has been observed also in the coherent intdfeat is at its minimuni [17, 20] . Assuming that originallyynl
action of femtosecond extreme uv-light pulses with HeliumAm = 0 transitions were excited, the complete suppression of
atoms [[32]. Here the dynamical beat has been interpreted ase first order coherent scattering can be obtained by natati
a light propagation effect arising from the dispersion au the magnetic field at the switching timge= (n — 1/2)7/Qo,
an absorption resonance. A light propagation formalism feawheren € {1,2,...} and, is the hyperfine energy correc-
turing the calculation of the refraction index in the nuclea tion for the originally drivemAm = 0 transitions.
medium has been applied also for N_E [33], and is an equiva- Experimentally, the magnetic switching is facilitated in
lent approach to the one presented in this work. crystals that allow for fast rotations of the strong crystalg-
netization via weak external magnetic fields. For iron, ohe o
the most suitable host materialslisBO3, a canted antifer-
C. Control of the coherent decay via magnetic switching romagnet with a plane of easy magnetization parallel to the
(111) surfaces. Initially, a constant weak magnetic field in
The key to control the cooperative branching ratio is theduces a magnetization parallel to the crystal plane suefade
coherent decay of the excitonic state. Control of the coheraligns the magnetic hyperfine field at the nuclei. The hy-
ent decay of the nuclear exciton has been already used feerfine field is strong, on the order of 30 T, leading to a pro-



nounced Zeeman shift of the magnetic sublevels. The magHere, kg is the Boltzmann constard, the Debye tempera-
netic switching is then achieved by a pulsed magnetic field inure, i the recoil energy of the transition afitthe temper-

a perpendicular crystal plane, that rotates the magnietivat ature of the sample. The Lamb-Mdssbauer factor determines
by an angle3 and realigns the hyperfine magnetic field. Be-the probability that the recoilless absorption and emissic-
cause of the perfection of the crystal, the desired rotation curs without exciting lattice vibrations and changing ttetes

the magnetization occurs abruptly, over less than 5 nis [38pf the particular nucleus. The closer to ofiey is, the larger

The effective decay rate in Eq](7) then becomes the fraction of recoilless excitation in NFS. Enriched ifGhe
. at room temperature, for instance, hfas; = 0.804 [40].
~ 1
I(t) ~ - / (T 4+ T2+ Te(s)O(ts — s)) ds. (21) Among the Mossbauer elements that have been experimen-
tJo tally confirmed, eight of them have more than one Mossbauer

In the equation above, we use-” instead of =" because transition and present an interesting three-level systerthe
the switching is not perfect and only the leading first ordercooperative branching ratio control as the ones shown in Fig
scattering of the coherent decay is suppressed. ure[d. This would allow for instance for enhanced storage of
Compared to the ideal conditions of Eds. (8), the realisticenergy in an isomeric state, or isomer depletion. However,
case presents two important differences. First, as it has be none of the levels involved are really long-lived and theref
discussed in SectidnlB, the coherent decay is no longer sudo not present the incentive of isomeric state populatitis. |
perradiant forr > 1/¢. The magnetic switching is therefore possible that other nuclear transitions of the Mosshas®r i
most efficient when performed as soon as possible after thi@pes with energies and lifetimes within the required param
excitation, during the time span of the superradiant cattere eters might be also proceeding recoillessly. In particidar
decay. Second, it is not possible to suppress the coherent deresting are the Mossbauer nuclei which present an isomer
cay immediately after the excitation, and thys> 0. Forthe  state, such a§“Os or '"®Hf. The!"™®™2Hf isomer is a high-
already addressed case of the Mossbauer transiti6hFy ~ energy long lived isomer with = 31y andE = 2.4 MeV
the first moment when the magnetic switching is possible witf41]. The isomer’s conveniently long lifetime and high e=ei
complete suppression of the coherent decay is given by théon energy of 2.4 MeV make it particularly attractive foeth
first quantum beat minimum, = 7/(2Q0) ~ 8 ns. The same study of possible energy release on demand. Until now, the at
scheme can be used for ahy1 transition, independent of the tempts to trigger the energy release from the 31-y&&t>Hf
ground and excited states spins, by using an appropriate gésomer via broadband SR have been a highly controversial is-
ometry that allows the SR pulse to drive only then = 0 sue [42545).
transitions. To some degree, the shortest possible swigchi  The 189m(Qg 30.814 keV isomer with natural lifetime
time can be changed by controlling the magnitude of the hyr, = 5.8 h has possible triggering levels at 97.35 keV and
perfine magnetic field at the nuclei, for instance by cooling216.663 keV. Out of these, the transition to the 97.35 keV is
the sample. Nevertheless, these two differences will lead tmore likely to be recoilless due to its smaller energy. Os-
reduced enhancement of the branching ratio compared to thaium’s Debye temperature is somewhat uncertain, with tab-
ideal case. ulated values ofl, = 411 + 94 K [46]. Assuming a value
of 500 K, we obtain using Eq_(22) a Lamb-Mossbauer factor
of only 0.1. In the case df®™2Hf, the isomer has an experi-
D. Survey of suitable Mossbauer nuclei mentally confirmed triggering level at 2573.5 keV, 126.1 keV
above the metastable state. The excitation of the isomer to
At present there are more than 40 isotopes with transitionthis level would however not proceed recoillessly due to the
for which the Mossbauer effect has been observed. Howevehigh transition energy. A controversial low-lying trigg
most of the research on this topic is related to thee iso-  level at about 40 keV above the isomer observed by Ref. [42]
tope and its traditional Mossbauer 14.4 keV transition.- Nu in triggering experiments using broadband SR light could no
clides suitable for Mossbauer spectroscopy should psssebe confirmed by other groups [43,44]. If such a level exists,
excited nuclear states with lifetimes in the rangeusfto  precise knowledge of its position is desirable for the effiti
approx. 10 ps, and transition energies between 5 and 18bherent excitation of the triggering transition via molmaes
keV. Longer (shorter) lifetimes than indicated lead, adeor matized SR light. For the case of confirmed triggering tran-
ing to the Heisenberg uncertainty principle, to too narrowsitions, the Lamb-Mdssbauer factor for energies of arathd
(broad) emission and absorption lines, which no longer efkeV reaches for hafnium a value of approx. 0.2. Since both
fectively overlap. Transition energies beyond 180 keV eaus osmium and hafnium have rather small Lamb-Mossbauer fac-
too large recoil effects which destroy the resonance, whileors, one can envisage implanting the isomers into a hogt-mat
gamma quanta with energies smaller than 5 keV are mostlyial with higher Debye temperature. Estimating the reessl
absorbed in the source and absorber material. In order to finfilaction of absorption and emission in nuclear transitifoms
out whether a particular nuclear transition proceeds Hessj  impurities in hard crystalline host materials requires bogr
one should calculate the Lamb-Mdssbauer factor, which cadedicated calculations.

be approximated in the Debye modelas [39] Another practical issue is whether a fast efficient mag-
netic switching is possible in crystals containif§™2Hf or

op
Frar = exp{— 2R (1 + 4T_2/ ’ Idzl>} . (22) '®"™Os isomers. Although the advantagedus30; crystal
0

kpbp 67, er — can only provide fast magnetic switching f8iFe, other mag-
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FIG. 3. T e time-dependent coherent W'MT) corresponding 10 f,ction of the dimensionless time parametefior unperturbed co-

the scattered mFensny spectrum presented in Figlire 2btesefor herent decay. The single-nucleus branching ratio was thkethis

further explanations. caseb = 0.5 and the effective thickness of the samgle- 10. The
horizontal dotted lines indicate the steady state values.

netic materials may be used for different nuclet&%*Os or
1TSm2HE. Thin films in multilayer structures with high co- clear resonance cross sectiop, ¢ is rather considered to be
ercitivity, for instance, allow for a good control of the 6Fy 3 sample than a nuclear parameter.
tal magnetization. Due to specific layer couplings, mula.  |n Figure[3 we present the time dependence of the coher-
and superlattice systems can exhibit a richness of magnetignt decay width.(¢) as obtained numerically according to
properties that is not found in bulk materiells|[14]. Verynthi gq. [20) from the intensity of the scattered radiation in-Fig
layers of almost all transitive metals can be deposited en sy,re[2b. While the coherent width is large closerte= 0, it
perpolished wafers by rf-magnetron sputtering in arar@as pecomes negligible afterwards. The quantum beat due to the
mospherel[14, 47]. Depending on what nucleus is envisagegyesence of two driven hyperfine transitions appearingén th
the host material with proper magnetic properties should bgntensity appears also in the time dependence of the coheren
sought for. Also, depending on the multipolarity and the nu-gecay width.
clear state spins of the involved levels, the geometry aad th  The numerical results for the time dependence of the nu-
switching parameters have to be investigated, followirg th clear levels population are given in Figurk 4 for the case
procedure described in Reff. [20]. of a natural, incoherent branching ratio lof= 0.5, Qy =
+28.3'g and¢ = 10. The coherent decay only plays an im-
portant role immediately after the SR pulse, dhdt) ~ 0
. RESULTS for increasingr > 1/¢. Forr < 1/¢, practically all decay
of the excited statéF) occurs to the ground state, with very
To assess the performance of cooperative branching ratismall population of the isomeric stdte). However, at larger
control and state-selective x-ray pumping in NFS, we have intimes the coherent decay is practically zero and the remgini
vestigated a general test case of a nuclear three levehsysteexcited nuclei decay to thé/) and|I) states according to the
with a M1 |G) « |E) transition driven by the SR pulse, as incoherent branching ratio.
depicted in Figuréll(a). The third intermediate level is as- Magnetic switching offers the possibility to reduce the ef-
sumed to be metastable. We are interested to find out whicfective period of the coherent decay, by suppressing it be-
fraction of the originally excited nucléE') reach the isomeric  ginning with the first minimum of the quantum beiat =
state|I) and how does their number depend on the sampler/(2Q). The time-dependent population of the three nuclear
properties. The nuclear level population dependence on thlevels can be obtained from solving the set of equatibhs (3)
dimensionless time can be calculated from Eqsl](3). For with the partly suppressed coherent wilth{¢)© (¢s —t). Nu-
this general case we have made the approximatioa- T';. merical results are presented in Figliie 5 for the same case of
Assuming an initial geometry of the setup such that the SRaincoherent branching ratio b= 0.5 and an effective thick-
pulse only drives the\m = 0 transitions, there are mainly ness of the sample gf= 10. We see that more nuclei decay
two nuclear parameters that determine the scattered kight i to the isomeric state than in the case of unperturbed coheren
tensity and subsequently the pumping performance. One afecay presented in Figure 4.
them is the hyperfine energy correctiQp, and the other one The effective thicknes§ (corresponding to the number of
is the natural, incoherent branching ratig see Eq.[[R). Ad- Maossbauer nuclei in the sample) determines the coherent nu
ditionally, the effective thickness of the sample, cormespr  clear widthI'.(0) = ¢I'g at the incidence of the SR pulse.
ing to the number of Mdssbauer nuclei present in the sample&since the number of nuclei excited by the SR pulse depends
also plays an important role, as it will be discussed later onon both the number of Mossbauer nuclei in the sample and
Although the effective thickness depends on the radiative n on the width of the nuclear excited state, we haie~ £2.
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FIG. 5. The populationV(7)/N, of the three nuclear levels as a
function of time for suppressed coherent decay starting wit=
m/(2€Q0). The incoherent branching ratio is taken totbe 0.5 and
the effective thickness of the sampl&is- 10. The horizontal dotted
lines indicate the steady state values.

FIG. 7. Steady-state isomeric state population plotteihagthe ef-
fective thickness parametefsThe black dashed line shows the case
of unperturbed coherent decay without switching. The réid $ioe
shows corresponding results with coherent control of tladhing
ratio. The blue dash-dotted line indicates the singleiglartesult
without cooperative decay.

1.0F
5 0'8; effective thickness parameter, as shown in Fifilire 7. This fig
Z o6 ure shows the steady state population of the isomeric state a
E i ter the excited state population has completely decayed- Ho
o 0.4f ever, the actual number of nuclei that have reached the iso-
z I meric statd ) is given by Ny P;(¢) and will in fact increase

0.2} with the thickness parametér The linear dependence 6f,

i ] on ¢ dominates the non-linear behavior shown in Fidgdre 7.
e Let us now consider the case of magnetic switching sup-

0.0 0.5 1.0 1.5 2.0 pression of the coherent decay. The new dependence of the
isomeric state populatiod) on ¢ is shown as solid red line
in Figure[7. Compared to the case of no switching, the iso-
FIG. 6. Excited state population for the unperturbed cattedecay ~ Meric state population for eaghis larger. Nevertheless, with
(no switching) for several effective thickness paramegers increase of the thickness parameter, the population okthe i
meric state decreases as in the case without switching.-More
over, towards higlg, the population of the isomeric state with
and without switching becomes approximately the same. This
The coherent scattering on a thick sample is therefore moris due to the relation between the sample effective thicknes
efficient in pumping the nuclear excited stafe). A larger ¢ and the coherent decay speed-up. As discussed in Sec-
effective thickness increases the number of excited nirelei tion[[B] the coherent decay is superradiant only for times
the sample and also the speed of the coherent decay. In orders 1/£. The larger the thickness of the sample, the faster
to separate these two aspects, we investigate the dependemns the coherent decay extinguished, leaving active only the
of the excited state populatioNz(7)/Ny on the thickness incoherent decay channels. The effect on the switching at
parametet in Figure[® for the case of unperturbed coherentr, = ¢;I'p = 7/56.6 = 0.055 is therefore less and less ef-
decay. The time-dependence of the excited state populatiditient for increasing;, since most of the superradiant decay
for the thickness parametefs= 10, 20, 30,40 and80 is pre-  occurs before the switching.
sented. The main differences occur for small time#t large Finally, in FigureZ® we show a comparison of the coopera-
timesr, only the incoherent decay determines the decay of théive branching ratid..() calculated with and without switch-
excited state, and the excited state population becomestlm ing at¢, for ¢ = 10 and an incoherent branching ratio of
the same for all considergd. As it appears from Figuié 6, for , — 0.5. Eventually, if by varying the hyperfine magnetic
the chosen effective thickness parameters, the cohereayde field (and consequently the hyperfine energy correcfigh
accounts only for the decay of about a half of the originallythe switching occurs immediately after the formation of the
excited nuclei. This fraction is increasing with incre@sft  exciton and suppresses all the coherent decay, one obtains a
The remaining half of the excited state population decays inenhancement factor of the isomeric state population of@ppr
coherently, under the natural exponential decay law wiéh th 1,70 for¢ = 10, 1.86 foré = 40 and 1.93 foré = 80. A
incoherent branching ratio more straightforward alternative for eliminating the crere
The population of the isomeric state) decreases with the decay channel immediately after the excitation is to dgstro
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FIG. 8. The cooperative branching ratig(~) corresponding to an
incoherent branching ratio f= 0.5 with and without switching at
7 = 0.055 for an effective thickness parameteréofE 10.

the phase coherence of the exciton, e.g., by applying a sp
tially inhomogeneous external field. The obtained enhanc
ment factor is in direct relation with the previously made ob
servation that the coherent decay accounts only for theydec
of about a half of the originally excited nuclei. The main ad-
vantage for the pumping of the isomeric stalteis therefore
rather occurring due to large coherent widtf(0) which in-
creases the excitation probability of the originally paiat
state|FE). Since the effective thickness can take very larg
values (an effective thickness §f= 100 corresponds to the
actual sample thickness of about 2fh in the case of iron

5TFe), the enhancement factor can be substantial. Howeve

the actual length. over which the SR light is coherentand can
produce the cooperative excitation is limited by scattpand

absorption processes. As an example, the enhancemengfor t

14.4 keV resonance it Fe, one of the most used Mossbauer
transitions in NFS, is limited by photoabsorptioni@* [13].

IV. CONCLUSIONS

In this paper we have studied the effects of coherent res
nant scattering of SR light off nuclei that present a theaesl

(S)

9

tio for the three-level system, which monitors the evolatio
of the nuclear excited levels population and accounts fer th
additional time-dependence of the coherent decay of thie exc
ton. This cooperative branching ratio is time-dependedt an
at short times after the excitation can be very differenhtha
the incoherent, natural branching ratio. The possibititgdn-
trol this cooperative branching ratio and to increase theer
population or depletion in our three level system by magneti
switching was investigated.

In the ideal case, assuming purely superradiant decay of the
nuclear exciton with constant rate and the possibility sfan-
taneous suppression of the coherent decay, the population i
the target state can be enhanced via cooperative branghing r
tio control. The superradiant enhancement fagtbas been
identified to be the effective thickness of the sample, Eahit
only by the coherence length of the SR pulse.

Although at first sight promising, the enhancement brought
by control of the coherent decay in the actual implementatio
g] NFS of SR turns out to be only of a factor of approx. 2. The
main reason for this is that the decay is only initially super

diant, and the suppression of the coherent decay is only pos-

gible after a minimum non-zero time. However, the creation

of a nuclear exciton, which has as requirement the recsilles
nuclear absorption and decay, can enhance the nucleaa-excit
tion probability by up to three orders of magnitude. The en-
hancement of the excitation probability itself is then retitel
in the population of the other two nuclear statEsand|G).

e\Ne conclude therefore that release on demand of the nuclear

energy stored in isomers is facilitated by coherence effect
yvhen occurring by driving a Mdssbauer transition to a teigg
Ing level. An experimental verification of the Mossbaued an
magnetic switching properties of nuclei in metastableestat

is the first step for coherent control of nuclear state popula
ion and decay properties. In this direction, improvement i
sample preparation and techniques related to thin films-of ra
dioactive atoms as host material open new possibilitieken t
investigation of exotic, unstable nuclei or isomeric sathn
conjunction with the present overall trend to perform tradi
tional nuclear and atomic physics experiments originadly d
veloped on stable nuclei with radioactive, metastable otiex

%uclear species, such investigations are on their way.

scheme with a metastable target state. The two investigated
X-ray pumping configurations correspond to the population o

the depletion of the long-lived nuclear state, respectivithe
additional coherent decay channel that arises due to spatia
herence effects renders the tabulated constant branciting r
that only include the incoherent decay channels obsolete.
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