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Abstract
—

«— Coherent population transfer between nuclear states musiaglaser pulses is studied. The laser pulses drive tweantransi-
@ tions between three nuclear states in a setup remindingnafilsted Raman adiabatic passage used for atomic cohevpalgtion
(N transfer. To compensate for the lackjefay laser sources, we envisage accelerated nuclei ititeyagith two copropagating or
+= ‘crossed x-ray laser pulses. The parameter regime for mudé@rent population transfer using fully coherent ligehgrated by
O ‘future X-Ray Free-Electron Laser facilities and moderatsetmng acceleration of nuclei is determined. We find thatriiost
O promising case requires laser intensities of’ 1100 W/cn? for complete nuclear population transfer. As relevantigggibn, the
LO controlled pumping or release of energy stored in longdinaclear states is discussed.

N Keywords:
——isomer decay, gamma transitions and levels, nuclear qoeojtics, x-ray and gamma-ray lasers
L
(@R
+ . Long-lived excited nuclear states, also known as isomergyopulation by STIRAP and the coherent control of isomerghav
C ‘can store large amounts of energy over longer periods of timéhowever never been addressed, partially because of the poor
(O Isomer depletion, i.e., release on demand of the energgdstor coherence properties of the XFEL.
— ‘in the metastable state, has received great attention ifashe
IEone and a half decades, especially related to the fasagnatin
prospects of nuclear batteries [1,/2,[3, 4]. Depletion cgcur
() whenthe isomer is excited to a higher level, which is assedia
= with freely radiating states and therefore releases theggne
() of the metastable state. Coherent population transferesstw
nuclear states would therefore not only be a powerful tool fo 4
preparation and detection in nuclear physics, but alsocéslhe i =
. ‘useful for control of energy stored in isomers. & (@)
«— . In atomic physics, a successful and robust way for atomic
< ‘coherent population transfer is the stimulated Raman atlmab Figure 1: (a) The nucleak-scheme. The initial population is concentrated in
O passage (STIRAP)|[5], a technique in which two coherentdield statel1). The pump laseP drives the transitiofil) — |3), while the Stokes laser
=1 couple to a three-level system. The transfer of such scheméfhsd”"es the transitiori2) — [3). The upper sta8) decays also to other states
.. rough spontaneous emission. (b) STIRAP: two partiallgriapping x-ray
~ to nuclear systems, although encouraged by progress of lasgser puises (pump) andS (Stokes) interact with relativistically accelerated
=~ technology, has not been accomplished due to the lagkraj  nuclei. The collinear beams setup correspondsste 0.
. laser sources. The pursuit of coherent sources for wavisleng
() around or below 1 Ais supported however by the advent and In this Letter we investigate for the first time the nuclear co
commissioning of x-ray free electron lasers, the avaiighilf herent population transfer (NCPT) between the two loweesta
which will stimulate the transfer of quantum optical scherre i the nuclearA-level scheme showed in Figl 1(a) using two
nuclei. overlapping x-ray laser pulses in a STIRAP setup. This is a
To bridge the gap between x-ray laser frequency and nucledypical three-level scheme that can lead to the depletioa of
transition energies, a key proposal is to combine modsratelmetastable state, here the ground stBtevia a triggering level
accelerated target nuclei and novel x-ray lasers [6]. Utiigy  |3) to a level|2) whose decay to the nuclear ground state is no
scenario, the interaction of x-ray from the European X-regeF  longer hindered by the long-lived isomer. We show that us-
Electron Laser (XFEL) 7] with nuclear two-level systemsswa ing a fully coherent XFEL such as the future XFEL Oscillator
studied theoretically [6,/8]. The manipulation of nuclemts  (XFELO) [€] or the seeded XFEL (SXFEL) [10,11,/7,12] 13]
for both pump and Stokes lasers, together with accelerafion
- the target nuclei to achieve the resonance condition, ditow
*EO”?Spond'”g author. Tek:49(0)6221 516162, fax:49(0)6221 516152 \CpT, The coherence of the x-ray laser has as a result nuclear
mail addressesiien-Te .Liao@mpi-hd.mpg.de (Wen-Te Liao), . L. .
PalffyCmpi-hd.mpg.de (Adriana Pafy ), Keitel@mpi-hd.mpg.de coherent control at much lower intensities than previolsuea
(Christoph H. Keitel) lated values for laser driving of nuclear transitions [6leady
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. . Table 1: Laser and nuclear beam parameters in the laborfaaomg. The accel-
7_10L9 -
at 107-10* W/sz' In view of our results, the indeed Cha"eng erated nuclei have the relativistic factar For the copropagating-beams setup,

ing experimental prospects of isomer depletion are digrliss the Stokes photon enerd is given in keV. The pump (copropagating beams)
and a setup to produce both pump and Stokes pulses iigin-di  or both pump and Stokes lasers (crossed beams) photonemnargi12.4 keV

ent frequencies in the nuclear rest frame from a single avtier for SXFEL and 25 keV for XFELO, respectively. For the croskeam setup,
. the angleds between the pump and Stokes depicted in[Hig. 1(b) is giveadn r
x-ray beam is put forward.

The interaction of a nucleak-level scheme with the pump SXFEL XEELO
laserP driving the|1) — |3) transition and the Stokes lasgr Nucleus| y 05 Es y 05 Es
driving the|2) — |3) transition is depicted in Figl 1(a). In STI- 5Re | 11.5 14544 693 5.7 14596 13.97

RAP, at first the Stokes laser creates a superposition ofvbe t 97Tc | 22.6 1.3836 7.36| 11.2 1.3848 14.83
unpopulated state®) and|3). Subsequently, the pump laser 15454 | 50.1 0.6407 11.17 24.8 0.6408 22.52
couples the fully occupiefl) and the pre-built coherence of 168g, | 72.0 04260 11.85 35.7 0.4260 23.88
the two empty states. The dark (trapped) state is formed and
evolves with the time dependent Rabi frequencies of the pump
and Stokes field®, andQs, respectively/[5]. the nuclear rest frame. This is governed by the master equati
Typically, the A-level scheme is not closed, i.e. the popula-for the density matrig [5,/14] that read%’p\: % [ﬁ,ﬁ]+ﬁre|ax,

tion in |3) will not only decay to|1) and|2) but also to other with the interaction Hamiltonian

low energy levels through spontaneous radiative decay or by 0 0 o

other decay mechanisms such as internal conversiemlecay. — h
. L : H=-3| 0 2(ap-2s) Q |, (1)
This open feature gB) speaks against direct pumping, allow- 2 S
Qp Qs 2Ap

ing us to identify two situations:i) the lifetime of|3) is longer
than the pulse duration. Since the nucleus can st@)ilong  and the relaxation matrifeax that includes the spontaneous
enough, apart from STIRAP, also NCPT via sequential isdlate decay. The initial conditions arg;j(0) = 6161j. In the ex-
pulses such as pulses, i.e. pulses that transfer the completepression aboveAps) = (1 + Bcosf)wps) — Cka) is the
nuclear state population from one state to another, is plessi laser detuning, where and B denote the relativistic factors,
A first 7 pulse can pump the nuclei frojt to [3), followed by, = 1/ V1-42, cis the speed of lightwps) is the pump
a second Stokes pulse that drives thi8) — |2) decay. The (Stokes) laser angular frequency ard andks; are the wave
latter scenario lacks the robustness of STlRAP, ha.Ving |i-sen numbers of the Corresponding transitions. The aﬂg'mzero
tive dependence on the laser intensitias). the lifetime of|3)  for the pump laser ané = 65 for the Stokes laser. The slowly
is shorter than the pulse duration. Because of the high decayarying efective Rabi frequencieQs)(t) in the nuclear rest

rate of|3), separated single pulses cannot produce NCPT anflame for nuclear transitions of electri)(or magnetic) mul-
STIRAP provides the only possibility for population tragisf tipolarity L are given by![5,18]

The nuclear excitation energies in the two regimes destribe

above are typically higher than the designed photon enefrgy o 4~n

the XFELO and SXFEL. Nuclei suitably accelerated can inter- Qpe)() = A

act with two Doppler-shifted x-ray laser pulses. The tweetas

frequencies and the relativistic fa_ctprof the accelerated nu- LI(lz) ¥(1 + B cost)(t — Tps)) 2

clei have to be chosen such that in the nuclear rest frame both X [ - VaT G

one-photon resonances are fulfilled. Copropagating lagdsep pS)

(with 8s = 0 in Fig.[d(b)) should have fferent frequencies in Here we have expressed the nuclear multipole moment with the

the laboratory frame in order to match the nuclear transitie-  help of the reduced transition probabilitiBés/u L) following

ergies. To fulfill the resonance conditions with a singlésco the approach developed in [8]. This allows for a unified treat

laser we envisage the pump and Stokes pulses meeting the maent of the laser-nucleus interaction for both dipolevaéd

clear beam at dlierent anglesé # 0), as shown in Fig.l1(b). (E1) and dipole-forbidden nuclear transitions. All the laser
In general, situationi) is related to nuclear excitations of quantities have been transformed in Hd. (2) into the nuclear

tens up to hundreds of keV, such thatS 10. These low- restframe, leading to the angular frequemty+ 8 cosf)wys),

lying levels have however energy widths of abowl orless,  bandwidth y(1 + Bcost)I'ys), pulse durationTys)/(y(1 +

orders of magnitude smaller than the photon energy spread. j3cosf)), and laser peak intensityf(1 + 5 cosd)?l ys). Further-

this case only a fraction of the incoming photons will driket more, the &ective laser intensity has been taken into account

nuclear transition, leading to a smaffective intensity![8]. For INs) = o)/ (¥(1+8)T ns)), With T the nuclear transition width

case i), the requiredy for driving MeV transitions is on the antjl"p(s) the laser bandwidth. Further notations used in Eqg. (2)

order of 20— 100. Typically, such transitions have widths ( aree the vacuum permittivityh the reduced Planck constant,

1 eV) larger than the bandwidth of the XFELO or SXFEL. The andrys) the temporal peak position of the pump (Stokes) laser,

effective and nominal laser intensity have in this case the samespectively.

value, an advantage of the higtregime. A list of parameters In the following we address the laser beam parameter re-

for a number of nuclei with suitable transitions for bothgnd  quirements. The most important prerequisite for nucledr ST

(i) regimes is presented in Tablds 1 anhd 2. RAP is thetemporalcoherence of the x-ray lasers. The co-
We study the dynamics of the system depicted in[Hig. 1(a) irherence time of the existent XFEL at the Linac Coherent Light

2
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Source (LCLS) in Stanford, USA and of the European XFELAT = 1, — 7s. A negative time delay corresponds to theulse
are on the order of 0.2 fs, much shorter than the pulse durgopulation transfer regime, while a positive one stand$Tr
tion of 100 fs [12, 15,17]. The SXFEL, considered as an up-RAP. For each value df,, ther, — 75 is chosen such that the
grade for both facilities, will deliver completely transgely  NCPT reaches its maximum value.
and temporally coherent pulses, that can reach 0.1 ps puise ) . o .
ration and about 10 meV’ bandwidfh [11) 13]. Another optiongayy fx41 Tae mitel st 12 tho ground aate oxtept BT whore ok
is the XFELO that will provide coherence time on the ordernally the isomeric state & = 9657 keV is populated. The multipolarities and
of the pulse duration 1 ps, and meV narrow bandwidth [9]. rgdut_:ed matrix eIemen_ts (in Weisskopf units, wsu) for t.hes'rtions|3) = 1j)
We consider here the laser photon energy for the pump las&ft" J € 11,2 specified in the column header are also given.
f%ﬁ?g};&gﬁg ;;)(r:tt:re ).(FE.LO and 1hz.4 keV for the SXFEL. e/uL B(e/u L) (wsu)

y is given by the resonance condition Nucl. Es E D 2 D 2

Ez - E1 = (1 + B)hwyp. The frequency of the Stokes x-ray Re 284 125 E2 ML  @x10 37x 107
laser can be then determined depending on the geometry of theg7.|.c 657 324 E2 E1 '& 1% 67x10°5

setup. For copropagating pump and Stokes beams (implyi_ngl54Gd 1241 123 E1 E1l A4x102 49x10°2
a two-color XFEL), the photon energy of the Stokes laser is 1685, 1786 79 E1 El 2x103 91x10°3
smaller than that of the pump laser siriee> E;. The alterna- :
tive that we put forward is to consider two crossed laser lseam
generated by a single-color SXFEL meeting the accelerated n  For regime ) that allows NCPT via botlr pulses and STI-
clei as shown schematically in F[g. 1(b). The angléetween RAP, we considered the lowest three nuclear level$tRe.
the two beams is determined such that in the nuclear resefranin the crossed-beam setup, NCPT is achieved at lower intensi
the pump and Stokes photons fulfill the resonances with twadies via sequentiat pulses. At the exaoct-pulse value of the
different nuclear transitions. The valuesyfEs andds for ~ pump intensity, a peak in the nuclear population transfer fo
NCPT for the nuclear systems under consideration are given i***Re can be observed, B = 6 x 107> W/cn? in Fig.[2(a) and
Table[1. The separation of the pump and Stokes beams out &f = 6 x 10?2 W/cn? in Fig.[2(b). With increasindp in the
the original XFEL beam requires dedicated x-ray optics sch  crossed-beam setup (Fig. 2(a,b)), tfiRe nuclei are only par-
the diamond mirrors [16, 17] developed for the XFELO. X-raytially excited to stat¢2) and the NCPT yield starts to oscillate.
reflections can also help tune the intensity of the two beams. The amplitude and frequency of the oscillations are vargisg
The relative coherence between the two ground states is cra-result of our pulse delay optimization procedure. Afisient
cial for successful NCPT via STIRAP. Since in our case thdntensities in the pulse overlap regime STIRAP becomespref
lifetime of |2) is much longer than the laser pulse durations, deable as compared to thepulses mechanism due to the lack
coherence is related to the unstable central frequencidweof of oscillations. The plateau at 100% population transfei-in
pump and Stokes lasers. Our single-color XFEL crossed-beagates that NCPT via STIRAP alone is reached. In the two-color
setup accommodates the present lack of two-color x-rayreohecopropagating beams scheme (fEg. 2(c,d)), the pulse sHape o
ent sources (only expected as a further upgrade of the LCLBuUmp and that of Stokes are the same in the nuclear rest frame.
[13]) and reduces theffect of laser central frequency jumps This renders STIRAP moreficient and thus preferable com-
to equal detunings in the pump and Stokes pulses. Variatiorgared to the single-color setup, as the STIRAP plateau can be
in detuning up toA, = As =10 meV lead to less than 5% reached with lower laser intensities.
decrease in NCPT. One should mention however that due to For casei{), we present our results fét*Gd and'®Er, that
time dilation and pulse delay, a phase jump in the originayk- require stronger nuclear acceleration witfactors between 24
beam does not act simultaneously on the pump and Stokes lasgnd 72 and fs pulse delays. THEGd ground state population
in the nuclear rest frame. Coherent population transfewin o starts to be coherently channeled at adgut 10" W/cn¥ us-
setup therefore still requires temporal coherence for thelew  ing XFELO andl, = 10" W/cn? using SXFEL parameters,
pulse duration, as predicted for both SXFEL and XFELO. respectively. Up td, = 10'° W/cn? (XFELO) andl, = 10*
In Fig. [@ we compare our calculated population transfetW/cm? (SXFEL), more than 95% of the nuclei reai@. In
for several cases in both regime$ &nd (i) using SXFEL this caser pulses cannot provide the desired NCPT due to the
(Fig.[2(a)) and XFELO (FiglJ2(b)) parameters in a crossedfast spontaneous decay of stéd in neither copropagating-
beam single-color XFEL setup. For the two-color copropagatnor cross-beam setups. The calculated intensities negdesa
ing beams setup, the results using SXFEL and XFELO paramsomplete NCPT are within the designed intensities of the IXFE
eters are showed in Fif]l 2(c) and Hig. 2(d), respectively. Wesources. Considering the operating and designed peak power
investigate first theficiency of NCPT for nuclear three-level of 20-100 GW [V, 12, 11, 13] for SXFEL (and about three or-
systems that do not present a metastable state. The casideders of magnitude less for XFELO) and the admirable focus
nuclear transition energies, multipolarities and redunedrix ~ achieved for x-rays of 7 nm [19], intensities could reachigh h
elements are given in Tab[é 2. The choice of nuclei is relateds 137 — 108 W/cm? for XFELO [€] and 16 — 1072 W/cn?
to nuclear data availability and the lifetime values of st  for SXFEL [11].
required by the two parameter regim@saind i). The optimal One of the most relevant applications of NCPT is isomer
set of laser parameters is obtained by a careful analysiseof t pumping or depletion. In FidJ2 we present our results for
dependence between pump peak intenkitand pulse delay NCPT in®’Tc nuclei starting from thé&E; = 96.57 keV iso-
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Figure 2: NCPT for several nuclei as a function of the pumprastensity
using SXFEL (a,c) and XFELO (b,d) parameters. For the crbssams setup
(a) and (b), the Stokes laser intensities were chdges 0.02I, for ¥°Re,
Is = 0.34l, for 188y, Is = 0.811, for 1%Gd andls = 20.82! for 9T,
respectively, according to the pulse intensity ratiodg/I5. The inset in (b)
depicts the wave-front form necessary to extend the spatellap region of
the laser and ion beams where STIRAP may occur. In the twar-catup (c)
and (d),Is = 0.03,, for 1®Re, Is = 0.35l,, for 18Er, Is = 0.901, for 15Gd
andls = 3506l for 97Tc. All detunings arernp = As = 0. See discussion in
the text and Tablds 1 afd 2 for further parameters.

meric state which has a half life af = 91 d. Like 1%°Re,
9Tc belongs to regimei) such that NCPT at lower intensi-
ties can be achieved via pulses in the crossed-beam setup.
The intensity for which complete isomer depletion is achgev
using SXFEL isl, = 4 x 102 W/cn?. Due to the longer
pulse duration of the XFELO and consequently higher losses
via spontaneous decay of stidg the peak population transfer
atlp = 5.2 x 10°7° W/cn? reaches only 93% in Figl 2(b) in the
crossed-beam setup. For the copropagating beams set®, 100
NCPT is achieved for the same intendigy= 5.2x 10°° W/cnr?.
Compared to the case of high-energy nuclear transitionste
intensities required for isomer depletion are in this casgdr,
mainly due to the narrow transition width of std8. Typi-
cally, triggering levels high above isomeric states, thatild
present the advantage of larger linewidths, are less welivkn
A detailed analysis of nuclear data in the search for the best
candidate is therefore required for successful isomeretiepl.

NCPT is sensitive to the fulfillment of the resonance condi-
tion. This involves on the one hand precise knowledge of the
nuclear transition energy and on the other hand good cauitrol
laser frequency and therefore nuclear acceleration. Titmeefio
is usually attained in nuclear forward scattering by scagni
first for the position of the nuclear resonance. In our setup,
relativistic factory influences the detunings and thfeetive
pump and Stokes intensities and Rabi frequencies. Forwarro
width excitationsi( it is necessary to first find the laser band-
width window of the nuclear transition, since most of thentra
sition energy values are not known with such precision. Once
found, our procedure of considering dfeetive intensity which
is scaled according to the number of resonant photons should
provide the correct approach for a zero-detuning situatiam
the casei() where the MeV nuclear transitions have eV widths,
it is only necessary to tune the laser photons in the correbspo
ing energy window.

lon accelerators to bridge the gap between nuclear transi-
tion and x-ray laser energies are an important ingredient fo
achieving NCPT. In the low region, the forthcoming FAIR
at GSI will provide high quality ion beams with energies up to
45 GeVu [20]. The corresponding limit is about 48 and the
precisionAE/E ~ 2 x 1074, For the highy region, the Large
Hadron Collider (LHC) is currently the only suitable ion ac-
celerator which can accelera®®PB*? up toy = 29635 with
low energy spread of about 10[21]. LHC can also accelerate
lighter ions to energies larger than 100 GeV [22]. For thersir
acceleration regime, the resonance condition corresporatfs
energy spread of the ion beam of 20 This issue becomes
more problematic for NCPT of nuclei in the moderate accel-
eration regime where the resonance condition requires & mor
precisey value,Ay/y = 10°8. On the other hand, the European
XFEL will deliver laser pulses with a divergence angle of atbo
107° rad [7]. This causes the mismatch &f # As together
with the energy spreadE of the ion beam. We find NCPT
maintains a value of around 80% in the regiomef = +10°
rad andAy/y = +107% for 14Gd and'®®Er. This can be com-
pensated by increasing the laser intensity by a factor ettty
obtain 100% NCPT.

A further study of the overlapficiency for the laser beams



and ion bunches shows that the copropagating laser beamps senuclear levels matches the predicted values for the erstibag
is more advantageous. Using LHC beam size parameters [2KFELO and SXFEL facilities. The challenge for the experi-
and a 10um radius of the XFEL focusing spot, we estimate mental realization of NCPT and the future of nuclear batter-
that for copropagating laser beams up t01%° nuclei meet the ies thus rely especially on the development of x-ray cohteren
laser focus per bunch and laser pulse, while for crossed lassources and their conjuncture with ion accelerators, perha
beams this number reduces to 80 for the smallest overlap volnaking use of high-precision table-top solutions for lasard
ume atds = 90°. The extreme temporal and spatial fine-tuningion accelerators to be flexibly used at any location aroued th
required to match the overlaps of a bunched ion beam with thglobe.

two laser beams in the crossed-beam setup is however ahprese We would like to thank Jorg Evers, Chang-Yi Wang,
challenging. A continuous ion beam, on the other hand, reas thThorsten Peters, Yen-Wei Lin and Yi-Hsin Chen for fruitfid-d
disadvantage of much lower ion density at the overlap wiéh th cussions.

pump and Stokes beam and of no possibility to control when the
ions pass through the overlap region. Furthermore, thesnrece

sary time delay between pump and Stokes and the adiabatici@
conditionQegAr > 1 [E] for STIRAP will be in this case only  [1]
fulfilled for ions at the diagonal line of the overlap areaolr [2]
der to maintain the pulse delay and the adiabaticity coonliti
for the whole overlap region with the nuclear beam, a specialy
laser pulse front as presented in the insetHig. 2(b) is redui  [5]
With optical lasers, such a design can be achieved with tige he [6]
of dispersive glass or specially-shaped mirrors, thatdtailgo
be developed for x-rays [23]. We conclude therefore thagfor g
number of technical and conceptuaffdiulties, the two-color  [9]
copropagating beams scheme might have better chances to B&
realized experimentally in the near future. [11]

X-ray coherent light sources are not available today at the

few large ion acceleration facilities. At present a new mate[12]
rials research center MaRIE (Matter-Radiation Interaxgion
Extreme) providing both a fully coherent XFEL with photon
energy up to 100 keV and accelerated charged-particle beams
is envisaged in the USA [24]. In addition, the photonuclear14]
physics pillar of the Extreme Light Infrastructure (ELI)¢on- 15]
struction in Romania can provide simultaneously a compa 6]
XFEL as well as ion acceleration reaching up to 4-5 GeV [25].
At ELI, the combination of coherent gamma-rays and accelertl7]
ation of the nuclear target are already under consider&bion (18]
nuclear resonance fluorescence experiments [25]. Furtrerm
ELI is also envisaged to deliver coherent gamma rays with enj49]
ergies of few MeV [25], which could be used for direct pho- [20]
toexcitation of giant dipole resonances|[26].

Table-top solutions for both ion acceleration and x-rayeseh 2y
ent light would facilitate the experimental realizationgdmer
depletion in NCPT and nuclear batteries. Table-top x-ray un(22]
dulator sources are already operational [27], with a nurober
ideas envisaging compact x-ray FELs![28, 29]. Rapid pragres)»3)
spanning five orders of magnitude increase in the achieghtl li
brightness within only two years has been reporited[30, B1]. [24]
conjunction with the crystal cavities designed for the XEEL 25
such table-top devices have the potential to become a kéy too
for the release on demand of energy stored in nuclei at largi6]
ion accelerator facilities. Alternatively, the excitingrécast of [%l
compact shaped-foil-target ion accelerators [32] andatati {29%
pressure acceleration |33] together with microlens beamaso  [30]
ing [34] are likely to provide a viable table-top solutionbe  [31]
used together with the existing large-scale XFELSs. [32]

In conclusion, the parameter regime for which fully coher-(33
ent x-ray laser pulses can induce population transfer ketwe
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