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Nuclear coherent population transfer with x-ray laser pulses
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Abstract
Coherent population transfer in a nuclear three-levelesystia stimulated Raman adiabatic passage is
studied. To compensate for the lack-efay laser sources, we envisage accelerated nuclei ititeyagith
two copropagating or crossed x-ray laser pulses. The pasamegime for nuclear coherent population
transfer using fully coherent light generated by future XyFree-Electron Laser facilities and moderate or
strong acceleration of nuclei is determined. We find thattbet promising case requires laser intensities of
10'7-10' W/cn? for complete nuclear population transfer. As relevantiapfibn, the controlled pumping

or release of energy stored in long-lived nuclear statesidsed.
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Coherent population transfer in nuclei would be a powedol for preparation and detection
in nuclear physics, especially for control of energy stareduclear states. In atomic physics,
controlling matter via laser fields in techniques such asrlasoling [1], optical pumping [2]
and stimulated Raman adiabatic passage (STIRAP) [3] has ddeeved. The transfer of such
schemes to nuclear systems, although encouraged by psagr&ser technology, has not been
accomplished due to the lack @fray laser sources. The incentive is substantial due toxise e
tence of nuclear isomers—Ilong-lived excited states thastare large amounts of nuclear energy
over long periods of time [4]. Control of isomer pumping opbigion is thus related to the concept
of nuclear batteries.

To bridge the gap between x-ray laser frequency and nuckagition energies, a key proposal
is combining moderately accelerated target nuclei andInexay lasers|[5]. Using this scenario,
the interaction of x-ray light from the European X-ray Frdedion Laser (XFEL)/[6] with nu-
clear two-level systems was investigated theoreticallyZ]5 The manipulation of nuclear state
population by STIRAP and the possibility of isomer triggerivia coherent control have however
never been addressed, partially because the poor cohgrespmerties of the XFEL do not allow
advanced nuclear quantum optics schemes.

In this Letter we investigate for the first time the nucleane@nt population transfer (NCPT)
between two ground states in thelevel scheme showed in Figuré 1(a) using two overlapping
x-ray laser pulses in a STIRAP setup. This is a typical thesel scheme that can lead to the de-
pletion of a metastable state, here the ground $tateia a triggering level3) to a level|2) whose
decay to the nuclear ground state is no longer hindered biptitelived isomer. We show that a
fully coherent XFEL such as the future XFEL Oscillator (XFB)L[E] or the seeded (two-stage)
XFEL (SXFEL) [6,/9+12] to provide both pump and Stokes lagggether with acceleration of the
target nuclei to achieve the resonance condition, allofoPT. The coherence of the x-ray laser
has as a result nuclear coherent control at much lower iiehghan previous calculated values
for laser driving of nuclear transitions [5], already1at”-10'° W/cn?. In view of our results, the
experimental prospects of isomer depletion are discusseéd aetup to produce both pump and
Stokes pulses with different frequencies from a single oattex-ray beam is put forward. Until
the first two-color XFEL becomes operational, this method mrave itself useful also for other
x-ray multiple beam experiments in the near future.

The interaction of a nucleak-level scheme with the pump lasér driving the |1) — |[3)
transition and the Stokes las€rdriving the |2) — |3) transition is depicted in Figufd 1(a). In
STIRAP, the empty2) and|3) states are first coupled by the Stokes laser, building a popiion



of two unpopulated states. Subsequently, the pump lasgiethe fully occupiedl) and the
pre-built coherence of two empty states. The dark (trappedg is formed and evolves with the
time dependent Rabi frequencies of the pump and Stokes figldad(2g, respectively/[3].

Typically, the A-level scheme is not closed, i.e., the population3inwill not only decay to
|1) and|2) but also to other low energy levels through spontaneousitiadidecay or by other
decay mechanisms such as internal conversiendgcay. This open feature () speaks against
direct pumping, allowing us to identify two situationg:) the lifetime of|3) is longer than the
pulse duration. Since the population can stajdjrong enough, apart from STIRAP, also NCPT
via sequential isolated pulses suchmapulses is possible. A first pulse can pump the nuclei
in state|3), followed by a second pulse of the Stokes laser for the stimulatgd — |2) decay.
The latter scenario lacks the robustness of STIRAP, havisgnaitive dependence on the laser
intensities (i7) the lifetime of|3) is shorter than the pulse duration. Because of the high detay
of |3), separated single pulses cannot produce NCPT and STIRARIpsothe only possibility
for population transfer.

The nuclear excitation energies in the two regimes destritbeve are typically higher than
the designed photon energy of the XFELO and SXFEL. Nucldably accelerated can interact
with two Doppler-shifted x-ray laser pulses. The two lagegfiencies and the relativistic factor
~ of the accelerated nuclei have to be chosen such that in ttiearurest frame both one-photon
resonances are fulfilled (multiphoton transitions are guiglly less probable). Copropagating

laser pulses should have different frequencies in the &boy frame in order to match the nuclear

(a) (b)

FIG. 1: (a) The nuclean-scheme. The initial nuclear population is concentratestate|1). The pump
laser P drives the transitioil) — |3), while the Stokes lase¥ drives the transition2) — |3)). The upper
state|3) decays also to other states through spontaneous emissjorwd partially overlapping x-ray laser

pulsesP (pump) andS (Stokes) interact with relativistically accelerated raicl



transition energies. To fulfill the resonance conditionthva single-color laser we envisage the
pump and Stokes pulses meeting the nuclear beam at diffengigs, as shown in Figuré 1(b).

In general, situatiorti) is related to nuclear excitations of tens up to hundreds ®f &ach
thaty < 10. These low-lying levels have however energy widths of aldouéV or less, orders
of magnitude smaller than the photon energy spread. In #ss only a fraction of the incoming
photons will drive the nuclear transition, leading to a dreffective intensity|[[7]. For caséi),
the requiredy for driving MeV transitions is on the order of 100. Typicalbuch transitions have
widths (~ 1 eV) larger than the bandwidth of the XFELO or SXFEL. The eiffee and nominal
laser intensity have in this case the same value, an adwawofathe highs regime. A list of
parameters for nuclei with suitable transitions for bethand(ii) regimes is presented in Tafble I.
TABLE I: Nuclear parametersZ; is the energy of statg) with i € {1, 2,3} (in keV) [13], v the relativistic
factor required to bring the x-ray laser in resonance wighttto nuclear transitions arftthe angle between

the pump and Stokes pulses as shown in Figire 1{b)is the ground state except f&fTc whereE; =

96.57 keV.
(a) SXFEL (b) XFELO
Nucleus Es Es ~y 0 (rad) ~y 0 (rad)
185Re 284.200 125.359 11.5 1.4544 5.7 1.4596
T 656.900 324.476 22.6 1.3836 11.2 1.3848
154Gd 1241.291 123.071 50.1 0.6407 24.8 0.6408
168y 1786.123 79.804 72.025 0.4260 35.7 0.4260

The theoretical study of the nucleArthree-level system interacting with two resonant x-ray
lasers relies on the standard quantum optics approachrperfoin the nuclear rest frame. Con-
sidering the three level system denoted in Figure 1(a), ymamhics of the density matrix is
governed by the master equation|[3, Jgétl[) = % [ﬁ,ﬁ} + Pretaz,» With the interaction Hamilto-
nian

0 0 Q,
F=-3 028,29 05 |, (1)
9 QF 20,
and the relaxation matrig, ..., that includes the spontaneous decay. The initial conditeme
pi;(0) = d;1615. In the expression abovéy, sy = Y(1 + B)wps) — cksi(2) is the laser detuning,
wherey andj denote the relativistic factors, = 1/@, cis the speed of lighty,, s is the
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pump (Stokes) laser angular frequency &gpdandks, are the wave numbers of the corresponding
transitions. The slowly varying effective Rabi frequemsdig, s)(¢) in the nuclear rest frame for

transitions of electric«) or magnetic ) multipolarity . are given byl[3, 7]

1/2
Qi) (1) = 4}? { HCRRURS (SCG(OLL+ DBE L)} 2
T 1L+ At = rs) ]
(2L + 1)! V2T s '

Here we have expressed the nuclear multipole moment withhélhye of the reduced transition
probabilitiesB(s/u L) [7]. All the laser physical quantities have been transfatimeEq. [2) into
the nuclear rest frame, leading to the angular frequerity- ()w,(s), bandwidthy (1 + 5)I ),
pulse duratiori},s)/(v(1 + 3)), and laser peak intensity’(1 + ()*I,s). A further important
observation is that if the nuclear width is smaller than teet bandwidth, only a fraction of the
laser photons fulfills the resonance condition. We haveefbeg considered the effective laser
intensity,];{fs = L)'/ (7(1 + B)L'ps)), with T' the nuclear transition width anid, ) the laser
bandwidth. Further notations used in Ed. (2) @réne vacuum permittivityh the reduced Planck
constant, and, s the peak position of the pump (Stokes) laser, respectively.

Unlike in other x-ray techniques such as nuclear forwardtsigag (NFS), where spatial co-
herence is required, the most important prerequisite fotean STIRAP is theéemporal coher-
ence of the x-ray lasers. The coherence parameters of theerixKFEL at the Linac Coherent
Light Source (LCLS) in Stanford, USA are yet to be tested [iI5], and the designed coherence
time value for the European XFEL is 0.2 fs compared to thegdlgration of 100 fs/[6]. The
SXFEL, considered as an upgrade for the LCLS and the EuragERh, will deliver completely
transversely and temporally coherent pulses, that camr@dcps pulse duration and about 10
meV bandwidth([10, 12]. Another option is the XFELO that wahovide coherent photons up to
25 keV with coherence time on the order of the pulse duratioh ps, and meV narrow band-
width [8]. We consider here the laser photon energy for theplaser fixed at 25 keV for the
XFELO and 12.4 keV for the SXFEL. The relativistic factgis given by the resonance condi-
tion £5 — E; = (1 + )hw,. The frequency of the Stokes x-ray laser can be then detetnin
depending on the geometry of the setup. For copropagating@and Stokes beams (implying a
two-color XFEL), the photon energy of the Stokes laser isllngnan that of the pump laser since
E5> > E;. The alternative that we put forward is to consider two ceddaser beams generated by
a single-color SXFEL meeting the accelerated nuclei as slsmiematically in Figuriel 1(b). The

angled between the two beams is determined such that in the nud@stframe the pump and
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Stokes photons fulfill the resonances with two differentlearctransitions. The separation of the
pump and Stokes beams out of the original XFEL beam requeéidted x-ray optics such as the
diamond mirrors [16] developed for the XFELO. X-ray reflects can also help tune the intensity
of the two beams.

The relative coherence between the two ground states isatfioc successful NCPT via
STIRAP. Since in our case the lifetime @) is much longer than the laser pulse durations,
decoherence is related to the unstable central frequecidsshort coherence times of the
pump and Stokes lasers. In similar coherence-sensitiverigmpnts such as STIRAP and
electromagnetically-induced transparency in atomic tuaroptics, acousto-optical modulators
can be used to obtain two coherent beams of different fregegmut of a single one, thus can-
celing the effects of central frequency and phase jumpsdamtiginal laser pulse. For x-ray light,
such devices are however not available. Our single-coldfIXErossed-beam setup accommo-
dates the present lack of two-color x-ray coherent souroely Expected as a further upgrade
of the LCLS [12]) and reduces the effect of laser centraldesgy jumps to equal detunings in
the pump and Stokes pulses. Variations in detuning ufy,te= As =10 meV lead to less than
5% decrease in NCPT. One should mention however that due todilatation and pulse delay, a
phase jump in the original x-ray beam does not act simultasig@n the pump and Stokes laser in
the nuclear rest frame. Coherent population transfer irsetup therefore still requires temporal
coherence for the whole pulse duration, as predicted fdr BstFEL and XFELO.

In Figure[2 we compare our calculated population transfeséweral cases in both regimgs
and (i) using XFELO and SXFEL parameters in a crossed-beam simjte-XFEL setup with
various laser intensities fromfy = 10'® to 10%® W/cm?. The optimal set of parameters is obtained
by a careful analysis of the dependence between pump lasgsity and pulse delay, — .
For each value of the pump intensity the pulse delay is cheseh that the NCPT reaches its
maximum. For regim¢i) we considered the lowest three nuclear levelSdRe, with relativistic
factors and Stokes beam crossing angles listed in Tabled.!*fRe nuclei start to be channeled
at about/,, = 10*> W/cm? (XFELO) and, = 10> W/cm? (SXFEL). NCPT is achieved here via
sequentialr pulses. At the exact-pulse value of the pump intensity a peak in the population
transfer for'®*Re can be observed, 8 = 6 x 10% W/cn? in Figure[2(a) and, = 6 x 10*?
Wi/cn? in Figure[2(b). For higher intensities, oscillations beeowsible in Figurd 2(b) until a
plateau indicating NCPT via STIRAP is reached.

For cas€(ii), we present our results fét'Gd and'®®Er, both requiring stronger nuclear accel-

eration withy factors between 24 and 72 and fs pulse delays. 'Tt@&d ground state population
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FIG. 2: NCPT for several nuclei as a function of the pump lasensity using (a) SXFEL and (b) XFELO
parameters in a crossed-beams setup as sketched inl Fig. Tk{b)Stokes laser intensities were chosen
Is = 0.021, for ®Re, Is = 0.33I, for %®Er, Ig = 0.891, for 1°*Gd and Iy = 20.811, for 9Tk,
respectively, according to the pulse intensity ratiod/I7 . All detunings areA\, = Ag = 0. See

discussion in the text and Talble | for further parameters.

starts to be coherently channeled at abfut 10" W/cn¥ using XFELO and/, = 10* W/cn?
using SXFEL parameters, respectively. Up/jo= 10'® W/cm? (XFELO) andi, = 10?! W/cn¥
(SXFEL), more than 9% of the nuclei reach®). In this caser pulses cannot provide the desired
NCPT. The calculated intensities necessary for complete N&e within the designed intensities
of the XFEL sources. Considering the operating and desigead power of 20-100 GW 6, 10—
12] for SXFEL (and about three orders of magnitude less foEX®) and the admirable focus
achieved for x-rays of 7 nm [17], intensities could reachigh hs10'” — 10'® W/cm? for XFELO
[8] and10%! — 10?2 W/cn? for SXFEL [10].

One of the most relevant applications of NCPT is isomer pumgpoir depletion. In Figurg]2

we present our result for NCPT f8fTc. The?"Tc isomer lies af”;, = 96.57 keV and has a half



life of = 91 d. The intensities for which complete isomer depletion isiewed by STIRAP
using SXFEL for"Tc arel, = 4 x 10 W/cn¥ and s = 8 x 10** W/cnm?. These values are
shifted by about three orders of magnitude towards lowenisities when considering the XFELO
parameters. Compared to the case of high-energy nuclesitiocms(i:), the intensities required
for isomer depletion are in this case large, mainly due tandreow transition width of statg).
Typically, triggering levels high above isomeric states lass well known. A detailed analysis of
nuclear data in the search for the best candidate is redgiaireticcessful isomer depletion.

NCPT is sensitive to the fulfillment of the resonance conditiThis involves on the one hand
precise knowledge of the nuclear transition energy and erother hand good control of laser
frequency and therefore nuclear acceleration. The formasually attained in NFS by scanning
first for the position of the nuclear resonance. In our setupyelativistic factory influences the
detunings and the effective pump and Stokes intensitieRaid frequencies. For narrow-width
excitations(i) it is necessary to first find the laser bandwidth window of thel@ar transition,
since most of the transition energy values are not known sutth precision. Once found, our
procedure of considering an effective intensity which eled according to the number of resonant
photons should provide the correct approach for a zerondegisituation. For the caseéi) where
the MeV nuclear transitions have eV widths, it is only neaeg$o tune the laser photons in the
corresponding energy window. Especially for low-energgietions, NCPT can thus be used for
determination of nuclear transition energies. For inga®TIRAP from the ground state to the
low-lying metastable state at 7.6 eV i#Th [18] via the 29.192 keV level could provide very
precise transition energy values and help investigatesthraer properties.

Powerful ion accelerators are the key issue for achievin@ Nn the lowy region, the forth-
coming FAIR at GSI will provide high quality ion beams withergies up to 45 GeV/u [19]. The
corresponding limit is about 48 and the precisiahE/E ~ 2 x 10~%. For the highy region, the
Large Hadron Collider (LHC) is currently the only suitabtaiaccelerator which can accelerate
28p2+ up toy = 2963.5 with low energy spread of abowt—* [20]. LHC can also accelerate
lighter ions to energies larger than 100 GeV [21]. Such @&raébn can bridge the gap in energy
between nuclear transition and x-ray photons as discuagbdiwork. For the strong acceleration
regime, the resonance condition corresponds to an energgdpf the ion beam of0—°. This
issue becomes more problematic for NCPT of nuclei in the maddeacceleration regime where
the resonance condition requires a more pregisalue, Ay/y = 1075, A further study of the
overlap efficiency for the laser beams and ion bunches shwatshe copropagating laser beams

setup is more advantageous. Using LHC beam size param2@rar{d a 1Q:m focusing of the



XFEL beam, we estimate that for copropagating laser beans L5 nuclei meet the laser focus
per bunch and laser pulse, while for crossed laser beamsuhiber reduces to 30.

X-ray coherent light sources are not available today at ¢welarge ion acceleration facili-
ties. At present a case study for a low-energy ion beam at tlhegeéan XFEL is in progress
[22]. Furthermore, the new materials research center MaRRlEbs Alamos, USA, is also envis-
aged to have high-energy, high-repetition-rate, cohexemly capability along with accelerated
charged-particle beams [23]. On the other hand, tabledagisns for both ion acceleration and
x-ray coherent light would facilitate the experimentallizgion of isomer depletion in NCPT.
Table-top x-ray undulator sources are already operati@ddl with a number of ideas envisaging
compact x-ray sources and table-top FELs [25, 26]. In cartjan with the crystal cavities that
are designed to provide the XFELO with its remarkable camse€d8, 16], such table-top devices
have the potential to become a key tool for the release on ni@mBenergy stored in nuclei at
large ion accelerator facilities. Alternatively, the udetable-top ion accelerators that rely on
laser acceleration presents another option. For now howiegeshaped-foil-target ion accelera-
tors [27] or radiation pressure dominant acceleration f@8hot provide the necessary stability
and monochromaticity.

In conclusion, the parameter regime for which fully cohéremay laser pulses can induce
population transfer between nuclear levels matches triiqbeel values for the envisaged XFELO
and SXFEL facilities. Realization of NCPT and the future otlear batteries thus rely on the
development of x-ray coherent sources and perhaps on hegiispon table-top solutions for lasers
and ion accelerators to be flexibly used in any location ailldbe globe.
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