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Population of the 8 eV *"Th isomer via the second nuclear excited state at 29.19 keV by means of
coherent x-ray pulses is investigated theoretically. We focus on two nuclear coherent population transfer schemes
using partially overlapping x-ray pulses known from quantum optics: stimulated Raman adiabatic passage,
and successive 7 pulses. Numerical results are presented for three possible experimental setups. Our results
identify the Gamma Factory as the most promising scenario, where two ultraviolet pulses combined with
relativistically accelerated ions deliver the required intensities for efficient isomer population. Our simulations
require knowledge of the in-band and cross-band nuclear transition probabilities. We give theoretically predicted
values for the latter and discuss them in the context of recent experiments.
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I. INTRODUCTION

Among the entire nuclear chart, the *Th isotope presents
a unique isomer, which is the lowest known metastable first-
excited state at an energy ~8 eV [1-3]. This very low energy
is an exception among otherwise typically much higher nu-
clear level energies and has the peculiarity that it could be
in principle addressed by a narrow-band vacuum ultravio-
let (VUV) laser. This renders *?°Th an ideal candidate for
a nuclear clock exceeding the accuracy of present atomic
clocks [4-7]. In addition to a very precise and novel nuclear
frequency standard, a nuclear clock would have significant
impact also for other applications, for instance the detection
of dark matter [7,8], investigating the temporal variation of
fundamental constants [8,9], the construction of the first nu-
clear laser [10], or improving the global positioning system
[11].

A major hurdle towards the nuclear clock’s experimen-
tal implementation is the relatively large uncertainty on the
isomeric state energy. Recently, the energy of the isomeric
state was reported to be Ej,, = 8.28(17) eV [12] using the
direct measurement of internal conversion electrons, Ej,, =
8.30(92) eV [13] from the determination of transition rates
and energies from the second-excited state at 29.19 keV or
Eiso = 8.10(17) eV [3] from y-spectroscopic measurements
of the a-decay of the parent nucleus 23*U. Up to this point,
direct laser excitation failed, and the radiative decay of the
isomer could not be observed. The isomer energy measure-
ments are based on two indirect excitation methods. The
first method populates the isomeric state with a probability
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of 2% during the a-decay of 233U [14]. However, the
nuclear decay is a purely statistical phenomenon and there-
fore the population transfer is not controllable. The second
method incoherently populates the isomeric level via x-ray
pumping of the second-excited state at 29.19 keV. In the
measurements in Ref. [15], this state is populated by syn-
chrotron radiation pulses and partially decays to the 8 eV
isomeric state.

In this work we theoretically investigate and optimize exci-
tation schemes for the isomer via the 29.190 keV level taking
advantage of coherence-based schemes known from quantum
optics and adapted for x-ray quantum optics [16]. We consider
the 2?°Th three-level system of A-type (named so because of
the level scheme reminiscent of the upper case Greek letter
A) comprising the ground (|1)), isomeric (|2)), and second
excited (|3)) states, as illustrated in Fig. 1. Thereby, we refer
to the isomeric state energy as Ejs, = 8.19(12) eV which is
the mean value of the recently reported values in Refs. [3] and
[12]. We study efficient nuclear coherent population transfer
(NCPT) from the ground state to the isomeric state via two
quantum optical transfer schemes: (i) Stimulated Raman adi-
abatic passage (STIRAP) [17-20], and (ii) two subsequent
7 pulses [21] which pump the entire population first from
[1) — |3) and subsequently from |3) — |2). Provided suffi-
cient x-ray intensity, these transfer schemes allow us to place
the entire population from the ground state into the isomeric
state in a coherent and controlled manner. Prior theoretical
studies have discussed the possibility of nuclear STIRAP in
the context of high-energy y-ray transitions [22-25]. The
peculiarities of the investigated 2**Th three-level system are
that the two transitions to the upper state have low energy
and narrow resonances, are almost degenerate in energy and
have dominating internal-conversion decay channels, with
non-negligible multipole mixing.

©2022 American Physical Society
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FIG. 1. Three-level A system, comprised of the ground and two
first-excited states of Th. Each state is labeled with its angular
momentum, parity, Nilsson quantum numbers [26] and energy. The
letters P, S correspond to the pulse type (pump, Stokes) coupling to
the respective levels. Energies are not to scale.

We model the three-level A system within the density-
matrix approach and solve the master equation to determine
the population transfer to the isomeric state. As the experi-
mental setup involving two coherent x-ray pulses is not trivial,
we envisage three different scenarios for NCPT. The first
scenario involves the interaction of highly charged 22 Th ions
circulating at relativistic speed in a storage ring, with two UV
laser fields driving the two x-ray transitions in the nuclear rest
frame [27]. This scenario was proposed at the future Gamma
Factory (GF) facility at CERN [27-29]. Similarly, the second
scenario discusses the interaction with coherent x rays from
a x-ray free electron laser (XFEL) [30-34] combined with
moderately relativistic > Th ions in a storage ring. The third
scenario investigates the interaction of a ?*Th solid-state tar-
get with coherent and resonant x rays (E;, > 29.19 keV) from
a cavity-based x-ray source, for instance the x-ray free elec-
tron laser oscillator (XFELO) [35-38]. Our results identify
the most feasible scenario from the three and investigate the
specific requirements for each NCPT mechanism, in particular
the required laser intensities for efficient population of the
isomer.

The NCPT theoretical calculations require knowledge of
nuclear transition parameters which are not experimentally
available at the moment. In particular, the nuclear reduced
transition probabilities B(M 1) for the magnetic-dipole chan-
nel of both |3) — |1) and |3) — |2) transitions are an input
for the calculation. We use our recently introduced nuclear
structure model [39—41] to calculate these values and dis-
cuss the choice of our model parameters. Furthermore, we
compare the newly obtained values for B(M1) and related
quantities with experimental data available from two recent
experiments [3,15]. While theory and experiment agree rea-
sonably well on the B(M 1) values, our analysis reveals that the
three experimentally available quantities are not completely
consistent. We discuss the possible values for the radiative
and total branching ratios, which are of interest also for other
experiments.

The paper is structured as follows. The theoretical model
for the quantum optical transfer schemes to achieve NCPT
is introduced in Sec. II. Section III introduces the nuclear
transition properties of the three-level A system and briefly
discusses the nuclear model input used to obtain them. Fur-

(b)

FIG. 2. (a) Generic pulse sequence for STIRAP. At =1, — 1,
indicates the delay between the pulses. (b) Generic pulse sequence
for NCPT via 7 pulses.

thermore, our analysis on the available experimental data is
presented here. Our numerical results are given and discussed
in Sec. IV. The paper concludes with a brief discussion in
Sec. V.

II. QUANTUM OPTICAL TRANSFER SCHEMES

This section introduces the theoretical models for the STI-
RAP and 7 -pulse quantum optical transfer schemes for our A
three-level system in 22 Th illustrated in Fig. 1. We investigate
the interaction of two resonant fields driving our nuclear A
three-level system and the resulting change in population.
NCPT can be achieved by means of STIRAP and two 7
pulses. What distinguishes the two schemes is the arrival se-
quence of the two pulses. For STIRAP, the first arriving pulse
is the one driving the transition |2) <> |3), called the Stokes
pulse. The pump pulse follows, partially overlapping with the
Stokes pulse, and drives the second transition [1) <> |3). In the
two-m -pulse scheme, the pump pulse arrives first, followed by
the Stokes pulse. The two pulse sequences are illustrated for
generic Gaussian-shaped pulses in Fig. 2.

STIRAP coherently transfers population between the two
ground states of a A-type system independently of the branch-
ing ratio or decay channels of the upper state [17,18]. The
preceding Stokes pulse couples to the unoccupied states |2)
and |3) and creates a coherent superposition thereof. Con-
sequently, the overlapping pump pulse couples to the fully
occupied ground state |1) and the prebuilt coherence of |3)
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and |2). In this process a dark state [17]
Q,(1) Q,(1)

V) + Q2,(1)? V() + Q,(1)?

is formed. Here, €2/, are the time-dependent Rabi frequen-
cies [22,42] of the Stokes and pump pulse, respectively. By
optimization of the laser parameters such as intensity or delay
time At between the Stokes and pump pulses, one is able to
transfer the entire population from |1) to |2) via the dark state,
without occupying the intermediate state |3). A rather empir-
ical condition for each pulse, namely, the adiabatic condition
[43,44]

1) -

12) (D

2In2 x 100
Y 2

pul

Q>

provides a guideline for the optimization. In this equation €2
denotes the Rabi frequency amplitude of the respective pulse
and t,y the pulse duration at FWHM, respectively. Note that
this formula only holds if the pulses are fully temporally
coherent and have no phase fluctuations. For simplicity, we
assume throughout this paper that no (relative) phase fluctua-
tions occur.

For the m-pulse technique, the pulse sequence is oppo-
site to that of STIRAP. Thereby, the population is initially
transferred from |1) to |3) by the pump pulse and from there
immediately to |2) by the Stokes pulse. To transfer the entire
population into the desired state each pulse should satisfy [21]

oo
/ Qt)dt =m. 3)
—0o0

By solving the integral, we arrive to an expression for the
pulse requirements to achieve transfer rates of unity. For
Gaussian pulses we obtain the expression

Q2 =2I2—. )
tpul

Both methods are a challenge to the experiment, since the
transfer criteria in Eqs. (2) and (3) require very large laser
intensities for the available pulse durations. However, imple-
menting such coherence-based schemes has the advantage that
the population transfer is no longer dependent on incoherent
processes like spontaneous decay. If the lifetime of the inter-
mediate state |3) is shorter than the radiative coupling, then
STIRAP is the method of choice. Apart from that, the 7 -pulse
method is applicable. An advantage of the m-pulse method
is that one has a larger window for the pulse delay time,
which is only constrained by the lifetime of the intermediate
state |3). Furthermore, the m-pulse method requires smaller
intensities than STIRAP. However, STIRAP is more robust
than the m-pulses method as far as parameter variations are
concerned [17], as long as the temporal coherence of the
pulses is secured.

A. Density-matrix approach

We model the population of the three-level-A system
within the density-matrix approach. The density matrix is

defined as
p(t) =Y piy®Ii I, )

ij
where {i, j} € {1, 2, 3}. The diagonal elements p;; denote the
level population, and the off-diagonal elements p;; denote
the coherences. Our starting point to compute the population
transfer in >**Th is the master equation [21,42]

1
9p(t) = —[H(). pUO] + pretax (1), (6)

where 7(¢) denotes the interaction Hamiltonian and pyejax ()
the relaxation term, respectively. Furthermore, % denotes the
reduced Planck constant. The Hamiltonian reads [22,23]

s O 0 Q1)
HO=-3| 0 —24,-a) @] O
Q,(t) Q,(t) 24,

Here, 2, (£2,) is the time-dependent Rabi-frequency and A,
(Ay) is the detuning of the pump (Stokes) field. The expres-
sions for the Rabi frequencies are given below. The relaxation
matrix embodying several decay channels has the form

BR31T"p33 0 —0.5T p13
prelax(t)zﬁ 0 BR3:IMp33 —0.5T 3 |, (8)
—0.5Tp3;1  —0.5Tpsn —p3l

where BR3; denotes the branching ratio for the transition
|3) — |j) where j € {1, 2} and I" is the total decay rate of |3),
respectively. For simplicity we assume throughout this work
that both laser fields are fully temporally coherent during the
radiative coupling. In addition, we neglect the decay of the
isomeric level, since the lifetime of |2) is much larger than
the lifetime of |3). If not mentioned otherwise, initially the
nuclear population is in the ground state such that p;;(0) = 1
and p2(0) = p33(0) =0

1. Lab frame

The time-dependent Rabi frequencies in the laboratory
frame are assumed to be Gaussian, such that

2
I — Ty
Qi) = Qo,ps) EXP <—21n 2w>, )
four?
pu
where g ,;) denotes the Rabi amplitude and 7, is the
temporal peak position of the pump (Stokes) field. We can
express the Rabi amplitude for the nuclear transition |i) — |j)
as [22,23]

1671, [ + 1)(Ll] 1
Qpij = 5
CE()FZ

(2L,j+1)n\/m—\/_5m 10)

where Iy indicates the peak intensity of the radiation field, ¢
is the speed of light, € is the vacuum permittivity, /; is the
nuclear spin of level |i), L;; is the multipolarity, k;; is the wave
number, and B;;(uL;;) is the reduced transition probability
of the transition, respectively. The index p corresponds to
the radiation-multipole-type electric or magnetic u € {E, M}.
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For the purpose of our calculation of radiative couplings, we
only consider the first dominant multipole order in our Rabi
frequency, which is the M1 channel.

With this concrete expression for the Rabi frequency, we
can rewrite the transfer criteria in Egs. (2) and (3) in terms of
radiation intensity. We then obtain

21In2 x 100
0= —t}iﬂéé (11
for STIRAP and
I = 21r122>;71 (12)
toubij

for the m pulses, respectively. We use these expressions to
compute the ideal intensity required to transfer the entire
population from the ground state to the desired isomeric state
with hardly any losses.

2. Ion rest frame

In case of the relativistic acceleration of the nuclei, the laser
photon parameters are relativistically boosted in the rest frame
of the ion according to

w3 — wi2) = Y(1 4+ B cosd)wps), (13)

where y is the relativistic Lorentz factor, 8 = v/c, with v the
ion velocity, and 6 denotes the impact angle between radiation
and nuclei, respectively. Thus, the pulse width and the peak
intensity change in the nuclear rest frame as [45]

fpul — _ ot (14)
y(1+B8)
Iy — Ipy*(1 + B)%. (15)

Here, we have assumed that the interaction between the ion
bunch and the laser pulses is collinear (6 = 0). Furthermore,
as the ions approach the speed of light, the relativistic factor
y (1 + B) — 2y. With the above considerations, the time-
dependent Rabi frequency in the nuclear rest frame becomes

e a 4)/2(t — Tp(s )2

tpul

Also in the ion rest frame we can rewrite the adiabaticity
criterion for the boosted intensities in analogy with Eqgs. (11)
and (12).

III. THE *Th THREE-LEVEL A SYSTEM

In this section we discuss our present knowledge on the
nuclear transition properties of the >>Th three-level A system
under investigation. From the nuclear structure point of view,
the 29.19 keV state with angular momentum / = 5/2% and the
isomeric state with I = 3/2% belong to the excited (nonyrast)
band built on the K™ [Nn,A] = 3/2%[631] single-neutron or-
bital, with K being the projection of the angular momentum
on the intrinsic nuclear symmetry axis, 7 the parity, and N,
n,, and A the Nilsson asymptotic quantum numbers [46],
respectively. Thus, the transition |1) <> |3) corresponds to

the cross-band (cr) transition, while the transition |2) <> |3)
corresponds to the in-band (in) transition. For laser excitation,
the radiative channels of the two transitions are of interest,
with the reduced transition probabilities B(M 1) entering the
Rabi frequency amplitudes in Eq. (10). However, the relax-
ation matrix Eq. (8) contains also other quantities, such as
incoherent decay rates, which could include also the internal
conversion (IC) channel, and several types of branching ra-
tios. Thus, we are interested in B(M 1) and B(E2) values for
both in-band and cross-band transitions, as well as the related
IC coefficients, and the resulting branching ratios BR3; and
BR3;. The corresponding transition rates are only partially
known from experiments. Alternatively, we can obtain these
quantities from a nuclear structure model which was so far
successfully used to predict the low-lying level structure of
229Th [39—41]. In the following, we present our nuclear struc-
ture results on the transition properties of the in-band and
cross-band transition. We discuss these values in comparison
with available experimental data and check the consistency of
the available parameter sets.

A. Theoretical predictions

The actinide nuclei and in particular the even-odd iso-
topes among them present a rich nuclear structure. A model
approach capable to incorporate the shape-dynamic prop-
erties together with the intrinsic structure characteristics
typical for the actinide nuclei has been under develop-
ment over the last decade [47-52]. It considers a collective
quadrupole-octupole (QO) vibration-rotation motion of the
nucleus which in the particular case of odd-mass nuclei is
coupled to the motion of the single (odd) nucleon within a
reflection-asymmetric deformed potential. The collective mo-
tion is described through the so-called coherent QO mode
(CQOM) giving raise to the quasi-parity-doublet structure
of the spectrum [47,48], whereas the single-particle (s.p.)
one is determined by the deformed shell model (DSM) with
reflection-asymmetric Woods-Saxon potential [53] and pair-
ing correlations of Bardeen-Cooper-Schrieffer (BCS) type
included as in Ref. [49]. The Coriolis interaction between
CQOM and the odd nucleon was originally considered in
Refs. [50,51], whereas the effect of Coriolis decoupling and
K mixing on the quasi-parity-doublet spectrum was taken into
account in Ref. [52].

All the model aspects outlined above have been assembled
together in Ref. [39] in a detailed nuclear-structure-model de-
scription of the low-lying positive- and negative-parity excited
levels and transition probabilities observed in >**Th. This al-
lowed the description of several experimentally known B(M 1)
and B(E2) reduced probabilities and prediction of the two
unknown isomeric ones, responsible for the radiative decay
of the 8.19 eV K™ = 3/2" isomer to the K™ = 5/2% ground
state, corresponding to the cross-band transition |1) <> |2) in
the scheme of Fig. 1.

The two states are considered as almost degenerate
quasiparticle bandheads with a superposed collective QO
vibration-rotation mode giving raise to yrast K™ = 5/2% and
nonyrast K™ = 3/2% quasi-parity-doublet structures. The iso-
mer decay is obtained as the result of a Coriolis mixing
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emerging from a remarkably fine interplay between the co-
herent QO motion of the core and the single-nucleon motion
within the reflection-asymmetric deformed potential. Despite
earlier statements on the weakness of the Coriolis mixing
[54,55], we found that only because of the Coriolis K-mixing
interaction can we explain the presence of the K-forbidden
M1 and E?2 transitions between the yrast and nonyrast bands,
otherwise forbidden due to the overall axial symmetry of the
problem. The same holds also for the cross-band |3) — |1)
transition of the three-level system investigated here, which
can only be accounted for by the inclusion of Coriolis mixing
in the model.

Within this model it is also clear that the two electromag-
netic multipole contributions have different origins. The E2
transition is mainly related to the collective part, whereas
the M1 component emerges from the single-nucleon degree
of freedom [56]. Nevertheless, the collective QO mode has
a strong indirect influence on the M1 transition via the s.p.
coupling to the nuclear core. Vice versa, the collective part
is decisive for the E2 transition, however, with indirect influ-
ence from the single nucleon via the particle-core coupling.
The very fine balance between the different degrees of free-
dom and its role in the formation of the total dynamics
of the nucleus and its isomer properties including energy,
electromagnetic transition rates and magnetic moments were
examined in detail in Ref. [41]. It was confirmed that the
reasoning for the existence and the decay properties of the
229mTh state is strongly related to all nuclear structure model
ingredients originally considered in Ref. [39], namely, the
collective core, the single-nucleon motion in the deformed
potential and the Coriolis interaction.

A specificity of the model in calculating the M1 reduced
transition probability is the use of an additional input re-
lated to the intrinsic-spin and collective gyromagnetic factors,
which are attenuated by multiplication with the respective
quenching factors g, and gg, as explained in Refs. [40,41].
The nuclear-structure grounds and theoretical motivation for
the introduction of the two quenching factors are discussed
in Ref. [40] based on the original adjustment of the model
parameters to the >*Th energy levels and transition rates
reported in Ref. [39]. The dependence of the predicted ***"Th
electromagnetic properties on the ¢, and gg quenching fac-
tors and QO deformations is examined in Ref. [41] through
different fits including in addition the observed ground-
and isomeric-state magnetic-dipole moments. Physically con-
sistent model descriptions of energy, transition rates and
magnetic moments are obtained in a narrow QO-deformation
region by varying g, between 0.6 and 0.55 and g between 0.6
and 0.45, with corresponding minimal (and smooth) changes
in the adjusted CQOM and Coriolis-mixing parameters, and
with the BCS parameters being fixed as in Refs. [39,40] (see
Figs. 6-12 in Ref. [41]).

So far the in-band and cross-band decay transitions of the
29.19 keV level were not considered in our works [39-41].
Here we present our (new) theoretical predictions for the
B(M1) and B(E?2) values for this level obtained through the
quenching factors and other model parameters as explained
above. Table I presents the B(M 1) values obtained through the
CQOM-DSM-BCS and Coriolis-mixing parameters used in

TABLE 1. Predicted B(M1) values obtained for several spin and
gyromagnetic quenching factors ¢, and gz with all other model
parameters taken from Ref. [40]. See text for further explanations.

B(M1) (W.)
gs qr [3) — [1) 13) — 12)
0.6 1 0.0012 0.0648
0.8 0.0020 0.0544
0.7 0.0025 0.0495
0.6 0.0030 0.0449
0.5 0.0036 0.0405
0.45 0.0039 0.0383
0.55 0.5 0.0028 0.0357
0.45 0.0031 0.0337

Ref. [40] for g, = 0.6 and g; = 0.55 with several values of the
collective gyromagnetic quenching factor gz between 1 and
0.45. The corresponding values of the B(E2) reduced transi-
tion probabilities, which are independent of the two quenching
factors, are B(E2;|3) — |1)) = 27.11 W.u. (Weisskopf units)
and B(E2;|3) — |2)) = 239.18 W.u.

Table II presents the B(M 1) and B(E2) values obtained at
few pairs of g, and g values through the corresponding sets of
CQOM and Coriolis-mixing parameters adjusted in Ref. [41]
taking into account the experimental magnetic moments with
the DSM and BCS parameters kept the same as in Ref. [40].
We note that here the reduced transition probabilities for the
E?2 channel slightly vary with g, and gz due to the (slightly)
different CQOM and Coriolis-mixing parameter values ob-
tained in the different fits. A comparison between Table I and
Table II shows that for the same set of quenching factors,
the reduced transition probabilities present some variations
depending on the chosen CQOM and Coriolis mixing model
parameters. Overall, the in-band transition |3) — |2) presents
much stronger reduced transition probabilities for both multi-
polarities than the cross-band transition [3) — |1).

1. Radiative rates

The reduced transition probabilities give access to the ra-
diative transition rates which can be calculated according to
[56]

T(M1) =1.779 x 10* x E [keV]® x B(M1) (17)

TABLE II. Predicted B(M1) and B(E?2) values obtained for sev-
eral spin and gyromagnetic quenching factors ¢, and gz with the
other model parameters taken from the fits reported in Ref. [41]. See
text for further explanations.

B(M1) (W.u.) B(E2) (W.u.)

ds qr 3)=>11)  3)—=>12) 3)—=>1[1) [3)—>[2)

06 06 0.0043 0.0432 39.49 234.86
0.5 0.0050 0.0390 38.23 235.52

055 0.5 0.0035 0.0348 34.19 235.87
045  0.0035 0.0332 31.44 236.11
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for M1 transitions and

T(E2) =1.223 x 1079 x E [keV]’ x B(E2) (18)
for E2 transitions, where the rates 7 (L) are given in s71,
E [keV] is the transition energy in keV, B(M1) in /,le\, with uy
being the nuclear magneton and B(E2) in e> fm*, respectively.
The total decay rate is obtained as a sum over the rates of the
two multipolarities M1 and E2, and the corresponding width
for the in-band (cross-band) transitions is given by

I’ = hZT(y,L). 19)

nL

We note that due to the suppressing factors in the expression
Eq. (18), the E2 contribution for the radiative decay is approx-
imately two orders of magnitude smaller than the M1 one for
both in- and cross-band transitions. Thus, the E2 channel can
be neglected in Eq. (19). However, this will not be the case
for the corresponding IC rates, as it will be discussed in the
following.

2. Internal-conversion rates

In the process of IC, the energy of the nuclear excited
state is transferred to an atomic electron, which is kicked out
of its shell. The nuclear excitation energy should therefore
exceed the binding energy of the IC electron. IC rates can be
calculated taking into account the interplay between atomic
and nuclear degrees of freedom. However, since the nuclear
part can be related to the reduced transition probabilities
B(uL), the quantity of interest is the IC coefficient «, defined
as the ratio of the IC and radiative rates. The IC coefficient
contains the remaining atomic structure information and can
be accurately calculated with existing codes such as Brlcc
[57] for most cases. The limitation here is that dedicated
calculations are required once the nuclear transition energy
lies less than 1 keV above the atomic shell binding energy.
The IC coefficients are calculated according to the nuclear
transition energy and the transition multipolarity. For the two
considered transitions |3) — |2) and |3) — |1), the transition
energies differ by just 8 eV and the calculated IC coefficients
are for all practical purposes identical for each considered
multipolarity. The E2 IC coefficients are approximately a
factor 30 higher than the M1 coefficients, compensating for
the smaller radiative rates of the former. Thus, the E2 IC
channels are not negligible. Both £2 and M1 IC coefficients
are much larger than one, rendering IC the strongest decay
channel for the 29 keV excited state. The total IC rate for the
in-band (cross-band) transition is given by the sum of the M1
and E2 channels, with the corresponding IC width

r'c=n Z a(uL)T (1L). (20)

nL

In the following, we use a(M1) =151.07 and «(E2) =
4401.61 for both in-band and cross-band transitions. These
values are interpolated from the IC coefficients tabulated in
Ref. [58].

B. Analysis of available experimental data

The experimental data on the transitions connecting the
29 keV level to the ground and isomeric states is scarce.
There are only three related quantities that have been reported
experimentally so far from two different experiments: (i) the
cross-band radiative transition width reported in Ref. [15],
'Y =1.70 £ 0.40 neV, (ii) from the same experiment, the
total half-life of the state |3), dominated by the two IC decays
to the isomer and ground states, 71, = 82.2 4.0 ps, and
(iii) the radiative branching ratio of the cross-band transition,
BRY, =9.3(6)% [3].

From (i), we can deduce the corresponding B(M1) for the
cross-band transition. Neglecting the E2 multipole mixing
(which, as discussed above, is a very good approximation),
and using expression (17) we obtain B(M1;|3) — |1)) =
0.00326 + 0.00076 W.u. This value is in good agreement
with most of the theoretical predictions listed in Tables I and
II. Combining this value with the measured branching ratio
BR;’ , reported in Ref. [3], we can extract the in-band reduced
transition probability. Indeed, neglecting the multipole mixing
in the radiative decay, we have

I3,
I+ 150
leading to B(M1;|3) — |2)) = 0.0318 W.u., within the un-
certainty interval [0.0227,0.0420] W.u. This value is slightly
smaller than the theoretical predictions in Tables I and II.

The total half-life of the upper state |3) depends on both
radiative and IC decay channels of the two transitions, and

here the multipole mixing needs to be taken into account. As
a result, we have

Tip = In2{[1 +aMDI[T3(M1) + T3,(M1)]
+ 14+ a(EDNT(E2) + Tn(E2)N ™. (22)

Despite reliable theoretical values for the two IC coeffi-
cients (the numerical values were given in Sec. III A 2), this
expression is not sufficient to determine the two remaining un-
knowns T3,(E2) and T31(E?2) and the corresponding reduced
transition probabilities B(E2). We note that mixing ratios for
the two transitions are not available from experiments. Thus,
some further assumption starting from our theory knowledge
is required.

Inspection of the theoretically predicted B(E2) values
shows that regardless of the used model parameters, the
in-band reduced transition probability B(E2;|3) — |2))
value is rather stable, with values varying between 234.86
and 239.18 W.u. In the following, we will use the average
value B(E?2;|3) — |2)) = 237.02 W.u. to obtain T3,(E2) and
derive the remaining unknown rate 73;(E2) from Eq. (22).
For the M1 channels we use the values deduced above
from the experimental observations, dropping the error bars.
We obtain T3 (E2) = 4.478 x 10° s~! and correspondingly
B(E2;|3) — |1)) =207.65 W.u. We note that this value
is unexpectedly large for the cross-band transition, being
of the same order of magnitude with the in-band reduced
transition probability. In case we start from a theoretical
value for B(E2;|3) — |1)) in the range shown in Table II, we
obtain for the in-band transition an unexpectedly large

BR}, = 21)
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reduced transition probability of B(E2;|3) — |2)) >
400 W.u. These inconsistencies suggests that the experimental
values obtained from the two experiments do not match
exactly. We have checked that a consistent set of results can be
obtained if in expression Eq. (22) we use values close to or at
the upper uncertainty limits of the experimental values of the
total half-life of state |3) and the two B(M 1) transition rates,
such as 71, = 85.6 ps, B(M1;[3) — |1)) = 0.0040 W.u. and
B(M1;|3) — |2)) = 0.0420 W.u. This may be considered as
an indication for the need of further more precise experimental
determination of these quantities.

We note that also Ref. [15] arrives at inconsistencies when
combining the reported experimental lifetime and cross-band
transition width with theoretical values from Refs. [59,60].
The latter theoretical values are obtained from the standard
rotational model and are not expected to be particularly accu-
rate for 22 Th, especially in view of the most recent insights
into the nuclear structure origins of the Th isomer [39—41].
By combining the experimental Tj, and I'Z, with theoretical
predictions on the in-band radiative decay [60], the authors
of Ref. [15] deduce a total cross-band IC coefficient of 1370.
This value hints to an implausible multipole mixing for the
cross-band transition. Even by using the (equally implausible)
value B(E?2);|3) — |1)) = 207.65 W.u. inferred above, the
cross-band IC coefficient would be a factor of two smaller. A
closer inspection of the theoretical values in Ref. [60] shows
that the predicted cross-band transition width disagrees with
the experimental value by a factor of two. The rotational
model predictions are therefore not suitable for combining ex-
perimental and theoretical results to deduce correct branching
ratios and related transition parameters. This inconsistency
reflects in the unexpectedly large IC coefficient value.

C. Choice of nuclear transition parameters

For our STIRAP calculations in Th ions or atoms we re-
quire the M1 reduced transition probabilities for the in- and
cross-band transitions, the total decay rate of level |3) and the
branching ratios BR3; and BR3, with and without including
the IC channel. In the following, we list in Table III the used
sets of nuclear transition parameters and comment on the
reliability of our choice.

We note that the total decay rate of the upper state |3)
obtained from theoretical estimates is very close to the ex-
perimental value from Ref. [15]. The branching ratios and
especially the total branching ratio show the largest disagree-
ment between theory and reconstruction from experimental
values. At first sight, this discrepancy could stem from the
different B(M 1) values appearing in the branching ratios. This
holds true for the radiative branching ratio BR”, where the
disagreement is however not that critical. However, the much
larger and most relevant disagreement for the total branching
ratio is caused by the already mentioned inconsistency in the
B(E2) values obtained from partial reconstruction based on
experimental data.

IV. NUMERICAL RESULTS

In this section we present our numerical results for nu-
clear coherent population transfer in the considered **’Th

TABLE III. Reduced transition probabilities, branching ratios
and radiative and total decay widths for the cross-band and in-band
transitions obtained from theoretical predictions (theor), experimen-
tal data (expt) and a combination thereof.

Cross-band In-band Total decay
13) = 1) 13) = 12) of |3)
B(M1) [W.u.] Theor* 0.0030 0.0449
Expt®  0.00326(76) 0.0318+334%?
BRY” [%] Theor® 6.3 93.7
Expt! 9.3(6) 90.7(6)
BR [%] Theor 7.5 92.5
Expt® 28.01 71.99
I'” [neV] Theor¢ 1.6 23.71 25.31
Expt' 1.7(4) 16.56+33%%  18.267373%
I' [ueV] Theor 0.4 5.05 5.45
Expt 1.55 4.00 5.558

#Values are obtained using quenching factors g, = gz = 0.6 and the
model parameters from Ref. [40].

"Values obtained combining the measured cross-band radiative width
[15] and radiative branching ratio [3] values.

¢Obtained with the theoretical B(M 1) values listed in this table.
dFrom Ref. [3].

°Using the reduced transition probabilities extracted from the
experimental data discussed above, ie., B(M1;[3) — [1)) =
0.00326 W.u., B(M1;|3) — |2)) =0.0318 W.u., B(E2);|3) —
[1)) = 207.65 W.u., and the theoretical assumption B(E2);|3) —
[2)) = 237.02 W.u.

"The cross-band value was reported in Ref. [15]; the other two val-
ues are obtained using in addition the experimental branching ratio
reported in Ref. [3].

€From the measured total half-life 7}, of the excited state [15].

three-level A system. We consider three different possible
experimental scenarios and discuss their feasibility. The first
two scenarios investigate the interaction of relativistic tho-
rium ions accelerated in a storage ring considering (A) UV
radiation and strong acceleration or (B) x-ray radiation from
an XFEL source combined with moderate ion acceleration.
The last scenario (C) addresses the interaction of a generic
29Th-doped solid sample and highly energetic x rays from a
cavity-based x-ray source.

A. Nuclear coherent population transfer for highly
accelerated nuclei

The first scenario investigates the radiative coupling of ul-
trarelativistic highly charged thorium ions with two UV laser
fields. The experimental implementation could be achieved at
the GF, which is an ambitious research tool for physics beyond
colliders at CERN [27-29]. The ultrarelativistic acceleration
of Th ions appears to be feasible given previous experiments
at LHC with highly ionized Pb ions, which have a similar mass
to 22°Th, where Lorentz factors up to y & 2900 were reached.
We note that STIRAP in this scenario has been recently ad-
dressed in Refs. [27,61].

For our purpose, we consider highly charged ?*Th ions (or
even bare nuclei) circulating at LHC with v & ¢ and a Lorentz
factor y = 2950 [61]. We assume the ions are distributed
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TABLE IV. Laser intensities required for NCPT via STIRAP and
7 pulses. The values were obtained from the adiabaticity and -pulse
criteria for the given pulse duration #,,; = 3.7 ps for the experimental
(expt) and theoretical (theor) B(M 1) data sets.

Method B(M1) Iop [Wm2] Ios [Wm™2]
STIRAP Expt 2.75 x 10%* 277 x 103
Theor 2.93 x 10* 1.96 x 103
7 pulses Expt 8.64 x 10 8.70 x 10
Theor 9.22 x 10% 6.16 x 10%!

in a bunch with kinetic-energy fluctuations in the order of
magnitude Ay /y = 107, The transverse cross section of the
ion beam can be approximated as 7r2, where r, = 16 pum
is the 1o radius of the ion bunch [27]. The ion bunch has a
revolution frequency of f;, = 11.2 kHz and at the same time
up to 1232 ion bunches can circulate in the storage ring. Each
ion bunch carries up to 108 22°Th ions [27]. For resonant
excitation we require photon energies E, = 29.19 keV/(2 x
2950) & 4.95 eV for the pump field. The Stokes field photons
are tuned such that a resonant coupling of isomer and second
nuclear excited state occurs. The initial pulse energy of each
field is set to 10 wJ, which is then increased by a factor 10°
by means of cavity enhancement with a Fabry-Perot interfer-
ometer to 1 J. The pulse duration is chosen to be 3.7 ps such
that a broad spectral width is guaranteed. The energy spread
of the ion beam is accounted for approximatively by including
a detuning in the calculation, which reads in the nuclear rest
frame

Ay
Ap=2(y + Ay)wp — w13 = 76013 ~ Ag. (23)

The peak intensity of each laser field in the laboratory
frame is defined as Iy = Epy/(fpum w?), where w is the beam
waist of the pulse. In addition, we assume the laser system has
arepetition rate fr., = 1232, = 13.8 MHz and it is perfectly
synchronized to the circulating ion bunches.

We start by estimating the required intensities for NCPT
via the adiabaticity and m-pulse criteria in Egs. (11) and (12).
These estimates require knowledge of the nuclear reduced
transition probabilities B(M 1) for the two transitions. Our in-
tensity values for the experimentally deduced and theoretical
B(M1) sets in Table III are listed in Table IV. The ratio of the
pump and Stokes intensities is related to the different reduced
transition probabilities of the corresponding transitions, and is
a factor 10 for the experimental values and a factor 15 for the
theoretical values.

We are interested in the fraction of nuclei which have
reached the isomeric state after one sequence of pump and
Stokes pulses. Instead of the isomer population at the end
of the laser pulses, we consider the transfer rate which also
takes into account the ratio of ions unintentionally transferred
to |3) and their subsequent decay after one ion revolution in
the storage ring. The transfer rate for a single pulse sequence
therefore reads

p» +BRY p |:1 exp ( ! >i| 24)
n ~ — — .
2 320 yTip2fo
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FIG. 3. (a) STIRAP transfer rate as a function of time delay
(in the laboratory frame) for different scaling factors of the laser
intensities. (b) STIRAP population transfer as a function of time for
0.3Ip,pys and At = 2.2 ps (lab frame). (c) m-pulse transfer rate as a
function of time delay between pulses | At| (in the laboratory frame)
for different ion energy spreads. (d) Single--pulse population trans-
fer sequence for the parameters of the two black dots in panel (c):
(i) At = —0.7 ps, 6ly p/s and Ay /y = 107*, and (ii) At = —5 ps,
I pjs and Ay /y = 107> (in the laboratory frame).

Here, p;; are the density-matrix elements giving the fraction
of population in state |i) and BR}, the branching ratio of the
in-band decay, respectively. The latter term takes into account
the radiative decay of the intermediate state during one cir-
culation in the storage ring. With aid of the experimental and
theoretical reduced transition probabilities B(M 1) we derive
the radiative half-life as 7,y = 25 ns and T} = 18 ns.

We start with NCPT via STIRAP considering the intensi-
ties in Table IV estimated for the experimental set of reduced
transition probabilities B(M 1). Since the adiabaticity criterion
is rather empirical, we consider also smaller intensities and
vary the pulse delay to maximize the population transfer. To
this end, the peak intensity of both Stokes and pump fields is
scaled down in steps of 0.1. Our numerical results in Fig. 3(a)
show that indeed 100% population transfer can be reached for
a large range of delay times At for the intensity values Iy p/s
of Table IV (and, obviously, for any higher intensities). How-
ever, for particular values of A7, STIRAP can be successful
also for lower intensities. Figure 3(a) presents the transfer rate
to the state |2) for scaled pump and Stokes intensities using
three scaling factors 0.1, 0.2, and 0.3 where a trend change is
observed. For At = 2.2 ps, 100% population transfer can be
achieved via STIRAP also for peak intensity values 0.3 p/s.
Our numerical results for the populations of the three states
using these intensities are presented in Fig. 3(b). Also the
scaling 0.2 leads to transfer rates of almost unity. However,
further lowering of the pulse intensities leads to incomplete
population transfer rates. Using the theoretical B(M1) values
we obtain very similar results, and the transfer rates deviate
only by a few percent.
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Next, we turn to NCPT via 7 pulses. Our numerical results
in Fig. 3(c) show that transfer rates of unity cannot be reached
due to the large detuning in the ensemble. Only about 16%
of the population are transferred to the isomeric state for a
small delay window. The transfer rates can be increased either
by decreasing the ion-beam energy spread or by increasing
the laser intensity. Indeed, as soon as we scale down the ion
energy spread, the transfer rates significantly increase. For
Ay/y = 1073 the transfer rates already increase to 96% and
for Ay/y = 107° transfer rates of unity are reached for a
large time delay window. We note that a better ion-beam qual-
ity would be beneficial also for NCPT via STIRAP. Keeping
Ay/y =107 fixed, transfer rates of approximately 100%
can be reached by increasing the intensity. Considering the
set of B(M 1) values deduced from experiments, for the given
pulse duration scaling by a factor six is required to obtain n =
100% for At = —0.7 ps. This intensity corresponds to ~20%
of the intensity required for NCPT via STIRAP. Thereby, we
observe that the sequence attains with the preceding pump
pulse slightly higher rates, although for both cases very close
to 100%.

This scenario allows only a small delay window for transfer
rates approaching unity, and a large pulse overlap is required.
This is therefore less of the traditional m-pulse scheme but
rather a single train of coincident pulses, which builds a
bridge between both NCPT schemes [62]. This feature can
be identified in the upper part of Fig. 3(d) which illustrates
a single population transfer event for At = —0.7 ps, 61y p/s,
and Ay/y = 107, In comparison, a single event for At =
—5 ps, Iopss, and Ay /y =107 is shown below. The dif-
ference is clearly visible. In (i) only a small fraction of the
population is pumped to the intermediate state compared to
(i1).

Let us apply our theoretical considerations to the GF ex-
perimental setup and its given parameters. Considering the
laser beam waists to be equal to the 1o radius of the ion
bunch w, = 16 um yields intensities Iy s = Ipp = 3.36 x
10 W m~2 much smaller than the threshold deduced from
the transfer criteria. Correspondingly, we can expect only
low population transfer rates of much less than one percent.
The solution is to increase the intensity by stronger focus-
ing and therefore smaller laser beam waist. The drawback
is that less nuclei in the ion beam are irradiated by the
lasers and only a fraction thereof can be promoted to the
isomeric state. To investigate the trade-off between intensity
and number of addressed nuclei we start by approximating
the cross sections of the two laser beams as circular and
concentric, and in addition concentric to the ion-beam cross
section. Guided by the transfer criteria, we assume that the
two Rabi frequencies for pump and Stokes pulses are equal
for equal pulse durations. Considering the same laser energy
for the two beams, the smallest beam waist and therefore
highest intensity is required for the pump laser, since the
B(M1) value is smaller for the |1) — |3) transition. The ef-
fective number of ions interacting with the laser photons is
then I\Qf)flf = (z—:)zNion with wp being the beam waist of the
pump field. For a single NCPT process during one revolution
of the ion beam, up to Nj5, = fonfn isomers can be popu-
lated.

TABLE V. Population transfer rate 1, number of produced iso-
mers N, and time 7, required to approximately reach saturation for
the two NCPT schemes in scenario A. The beam waist of the Stokes
field can be determined via ws = /Iy p/lp.swp. For an equal focus
(wp = wg) the pulse energy of the Stokes field should be lowered
according to Es = (I s/Ip p)Ep. See text for further explanations.

Method Ay /y Scaling wp [um] At [ps] n [%] Ny [10°] 1 [s] >

STIRAP 107* 1 0.18 29 100 1.3 1.38
107 03 0.32 22 100 4.0 0.42
107* 0.2 0.40 1 99.1 6.2 0.32
107* 0.1 0.56 0.1 69.6 8.5 0.20

7 pulses 107 1 1 -0.1 163 6.3 0.18
10~ 6 0.41 —0.7 100 6.5 0.29
1073 1 1 -5 96 374 0.10
107° 1 1 =5 100 39.1 0.09

The results for both transfer schemes [for the experimental
set of B(M 1) values] are summarized in Table V. For STIRAP
the number of produced isomers is rather small, since the
intensities Iy s/lp p corresponds to rather small beam waists
compared with the ion beam. Thus, only a small fraction of
the ion beam is addressed and just a few ten thousand ions
are promoted to the isomeric state. Scaling down the inten-
sity values correspondingly leads to lower population transfer
rates, but due to the larger beam size more isomers are ex-
cited. A more systematic study reveals that choosing the same
pump and Stokes beam waist (and therefore the same intensity
for the two lasers) yields the maximum of approximately
1.5 x 10° isomers for wp = wg = 1.5 um for delay times
around At = 0.1 ps. In comparison, this focus also leads to
better results than wp = ws = r, = 16 um, for which the
number of populated isomers is only about 3.3 x 10*. For
NCPT with two 7 pulses, our results show that the population
transfer for Ay/y = 10~* does not deviate much from the
STIRAP numbers. However, the implementation could be less
challenging due to the larger pump field waist. Provided it is
possible to reduce the ion energy spread of the beam, then
high transfer rates and consequently high isomer numbers can
be produced as shown in the Table V.

For applications that make use of the produced isomers,
it is very unlikely that a single pulse sequence is sufficient.
We therefore investigate the scenario of repeated coherent
pumping, considering that Stokes and pump lasers interact
with the ion bunch with repetition rate f,. We assume that
for each ion bunch revolution, the ions redistribute spatially in
the beam. Thus, naively one could approximate that after the
time (Nion/Nisomer)(1/ f») (considered in the laboratory frame),
a large fraction of ions in the storage ring are transferred to the
isomeric state. However, this picture is not accurate, since for
increasing numbers of excited isomers, the laser pulses will
also drive nuclear population from the isomeric state back to
states |1) and |3) leading to saturation.

To model this scenario, we consider the same beam waist
for both pump and Stokes pulses, such that both pulses address
the same fraction of nuclei in the beam. To compensate in
the intensity, we consider a smaller Stokes pulse energy. We
model the spatial redistribution assuming that the ions with
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nuclei in their respective states are distributed homogeneously
within the bunch for each pulse sequence, or ion bunch revo-
lution. The master equation is solved in a loop for the input
parameters in Table V where each iteration corresponds to
a pulse sequence. We obtain an isomer saturation of ~50%
for all NCPT scenarios with Ay/y = 10~* and ~70% for
all (nonoverlapping) m-pulse scenarios with Ay /y < 107°.
Note that, for a better ion energy spread (<107>), NCPT via
STIRAP can also reach a total isomer population of x70%.
The excitation time 7., in Table V corresponds to the approxi-
mate time which is required for the isomer population to reach
the saturation limit. We see by means of ¢, that it is more
advantageous for faster excitation to have a large beam waist.
These times are for most scenarios approximately a factor two
larger than the naive estimate (Nion/Nisomer)(1/ f5)-

Incoherent pumping |1) — |3) with the pump laser only
and the subsequent spontaneous decay to |2) provides an
efficient alternative due to the advantageous branching ratio
BRY, and the slow radiative decay of the isomeric state. Thus,
almost all ions in the bunch can reach the isomeric state.
Our numerical simulations of a sequence of pump pulses
leads to almost 100% population of the isomeric state af-
ter a time which is approximately five times the 7, values
in Table V. However, it takes both STIRAP and incoherent
pumping approximately the same time to reach the STIRAP
saturation level of about 50%. Thus, the advantage of STIRAP
to reduce the excitation time (albeit with a more complicated
experimental setup) only comes into play if sufficiently large
intensities are available for laser beams with waists which
approach the ion-beam radius.

B. Nuclear coherent population transfer with moderately
accelerated nuclei

The second excitation scheme considers the radiative cou-
pling of moderately accelerated thorium ions with coherent
x-ray pulses from an XFEL. In comparison to optical laser
systems, XFEL pulses may lack temporal coherence and most
currently operating facilities only have repetition rates of a
few tens up to a hundred Hz with a few exceptions [30].
The photon energies of XFELs range from hundred eV (soft
x rays) up to 25 keV [63]. Unfortunately, these energies
are too low to directly excite the 29 keV level in 2**Th, so
some acceleration of the nuclear beam is required. For our
purposes, we consider the pump field operating at a photon
energy of 3.5 keV, while the Stokes field is operating at a
slightly smaller energy. For these energies, the ions have to
be accelerated to y = 4.2 for resonance. This small Lorentz
factor is not available at CERN, since there ypi, = 10 [27].
Thus, the experiment would require a smaller storage ring.
For instance, the high-energy storage ring (HESR) presently
under construction for the FAIR project at GSI can deliver suf-
ficiently small Lorentz factors for heavy ions [64]. Compared
with LHC (%40 h) [27], the lifetime of U%* (similar mass as
Th) with y ~ 4 is expected to be ~3000 s [65].

We assume the ion bunch carries up to 10® ions with a
transverse 1o radius of 2.1 mm and the circulation frequency
of an ion bunch is f;, = 522 kHz. The large ion-beam size
is correlated with the relativistic Lorentz factor y, since the

TABLE VI. Laser intensities required for NCPT via STIRAP and
7 pulses for scenario B and a pulse duration of ~30 fs. See caption
of Table IV for further explanations.

Method B(M1) Iop [Wm2] Ips [Wm™]
STIRAP Expt 4.18 x 10% 4.21 x 107
Theor 4.46 x 10%8 2.98 x 1077
7 pulses Expt 1.31 x 10% 1.32 x 10%
Theor 1.40 x 107 9.38 x 10%

adiabatic damping requires larger particle momentum [66]. If
not mentioned otherwise, we consider also for this case the
ion energy spread Ay/y = 10~*. Again, this then leads to
a rest-frame detuning Ap = Ag & (Ay/y)w;3 in the ensem-
ble. The generic laser parameters we consider [30] are pulse
energy 1 mJ, pulse duration 30 fs, and repetition rate frp, =
60 Hz. We assume the pulses have full temporal coherence,
which is not far from what has been reported in Ref. [33].
Since the repetition rate of the XFEL is small compared with
the circulation frequency, an ion bunch can circulate (in the
HESR case) f3/ frep = 8700 times before another XFEL pulse
sequence arrives. Therefore, the transfer rate after one pulse
sequence can be approximated as 1 ~ px + BR},p33. The
required theoretical and experimental intensities for NCPT via
STIRAP and 7 pulses are listed in Table VI. Compared with
the figures in Table IV, it is clear that this setup requires much
larger laser intensities to be successful due to the fs XFEL
pulse durations.

In the following, we present our results for the case of
the B(M 1) values obtained from experimental data. Following
the discussion in Sec. IV A, at first NCPT via STIRAP is
discussed. Starting from the intensities delivered by the adi-
abaticity criterion in Table VI, we investigate in Fig. 4(a) the
transfer rate as a function of delay time between XFEL pulses
for down-scaled as well as up-scaled intensity values. Trans-
fer rates of unity are reached until 0.8y p/s. The population
transfer after a single STIRAP sequence for this case is shown
in Fig. 4(b). From a scaling of 0.7 the transfer rate slightly
decreases to ~98.7%, while a scaling of 0.6 leads to a drop of
1 to ®91%. In contrast to the results in Sec. IV A, the broader
plateaus of the transfer rate as a function of delay time appear
not for the reference intensity Iy p/s, but for the down-scaled
(and also for upscaled) values. Thus, also smaller intensities
allow for a more feasible and robust STIRAP implementation.

Figure 4(c) presents our numerical results of the transfer
rate for a w-pulse sequence. Once more, we observe a rather
bad performance due to the detuning caused by the ion-beam
energy spread. Only about 0.5% are transferred to the iso-
meric state. This is related to the very short pulse durations
of the lasers and the resulting broad spectral width. Larger
transfer rates can be obtained either by increasing the XFEL
intensity, or by decreasing the ion energy spread. Once the
intensity is scaled up by a factor of approximately 25 we again
reach transfer rates approaching unity for large pulse overlaps.
In turn, keeping the intensity set to Iy p/s, for Ay /y = 107°
transfer rates of approximately 99% can be reached with high
stability and the characteristic plateau for large delays. In
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FIG. 4. (a) STIRAP transfer rate as a function of delay (in the
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At = 17.51s. (c) w-pulse transfer rate as a function of delay |At| (lab
frame) for different ion energy spreads. (d) Single--pulse sequence
(lab frame) for Ay /y = 107 and At = —90 fs.

the case of Ay/y = 1073, transfer rates of unity are only
achievable with a up-scaling of the intensities and within a
short time interval around 15 ps with a large pulse overlap.

Our simulations show that scenario B is problematic from
several points of view. The large intensities required for NCPT
imply either a very high and so far unavailable pulse energy,
or a strong focus. For instance, for intensity values of 0.81p p/s
and pulse energy 1 ml, the required beam waists are w, =
0.56 nm and w; = 1.77 nm, exceeding the typical focusing
limits of a few hundred nm [67,68]. We note that the hard x-
ray spot size record is of a few nm [69]. However, in this case
also the x-ray intensity was severely limited, which would be
impractical for our purposes. With stronger focus the number
of addressed isomers is also diminishing. In this example, the
effective number of ions significantly decreases to &7 x 1075,
which means hardly any thorium ions are addressed. Even
using an unrealistic pulse energy input for the calculation,
the isomer population does not approach the same levels as
scenario A due to the much lower pulse repetition rates. Fi-
nally, setup B is logistically challenging, because it requires
both an XFEL and an ion accelerator at the same facility. We
conclude that scenario B is less likely to be experimentally
implemented.

C. Nuclear coherent population transfer
with Th nuclei at rest

The last scenario investigates the case of a fixed tho-
rium sample irradiated by resonant and fully coherent x-ray
pulses. These pulses could be delivered by a next generation
cavity-based FEL lasing source, the so-called XFEL oscillator
(XFELO) [35-38]. This lasing source is expected to provide
radiation with large temporal coherence times and photon

energies up to 25 keV in basic operation. Theoretical studies
have even shown that an XFELO can generate photons with
energies up to 60 keV through high harmonic generation [70].
In the following, we consider the XFELO parameters for basic
operation despite requiring a photon energy of 29.19 keV.

X-ray pumping of the 29 keV level in **Th using nu-
clear resonant scattering synchrotron radiation and a fixed
target has been reported in Ref. [15]. The target comprised
of > Th-doped thorium oxide was sealed in Be cover plates.
One could imagine also using a VUV-transparent target such
as ?Th-doped CaF,, which has an experimentally measured
band gap of &12 eV [71,72]. This would have the advantage
that IC is not allowed from the isomeric state and in addition,
due to transparency, VUV photons from the radiative decay
of the isomer can be detected. It is expected that both types of
samples would experience damage from the highly energetic
and intense radiation, such that a tape station for the target
shifting the impact point after each pulse sequence would be
required.

Since the ?*Th atoms or ions in the sample are not highly
charged, the IC decay channel of the 29 keV state is ener-
getically permitted. Thus, all nuclei which are pumped to the
second-excited state will decay via IC to both isomer and
ground states. The total half-life of the 29 keV state derived
from theory using the parameters g; = gg = 0.6 is Tipp =
84 ps, in good agreement with the experimental value reported
in Ref. [15]. In the following, we use the theoretical B(M1)
and branching-ratio values for the calculation. In addition, we
neglect detuning and set Ap = Ag = 0. The transfer rate is
given by & p2, + BR3,p33, where we use BR3; = 92.5%.

We proceed once more to calculate the x-ray pulse intensi-
ties required by the adiabatic and r-pulse criteria. The results
are listed in Table VII for two sets of XFELO parameters,
which mainly differ in their x-ray pulse duration and pulse
energy. We first address NCPT via STIRAP and investigate
the population transfer behavior for different intensity scal-
ing starting from the generic values Iy p/s in Table VII. The
transfer rate as a function of delay for the parameter set of
Ref. [37] is presented in Fig. 5(a). For a large pulse intensity
of 31y p/s, STIRAP appears to be robust and 100% transfer
rates are reached for a plateau of time delay values on the scale
of the pulse duration. Once the intensity is decreased towards
Iy,p/s and less, the plateau narrows visibly and the peak of
100% NCPT shifts towards smaller pulse delays. Transfer
rates of almost unity are still reached for intensities of as low
as 0.04]()13/5 (T} = 977%)

The overall behavior presented in Fig. 5(a) displays some
interesting features. For instance, at At = 0.01 ps and an
intensity scaling of 1, the transfer rate is almost vanishing.
Moreover, the transfer rates for large time delays between
pulses saturate at different values for different intensities. To
understand better this behavior, the transfer rate as a function
of intensity n(/) is calculated for three different pulse delays
At marked by bullet points in Fig. 5(a). The numerical results
are shown in Fig. 5(b). For small (i) and large (iii) delay
between pulses, (/) shows an oscillatory behavior. However,
due to the large pulse overlap, transfer rates of unity can be
reached for small delays, while for largely delayed pulses
transfer rates of only 92.5% are reached. That is because
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TABLE VII. XFELO pulse duration #,,; and energy E,, for two parameter sets discussed in the literature (left). The corresponding laser
intensities required for NCPT via STIRAP and 7 pulses for theoretical B(M 1) values are given in the middle column split. The calculated ranges
of NCPT transfer rates n are presented in the right column split. In vicinity of the adiabatic criterion intensity value, At = t,, corresponds
to the optimum delay, while for shrinking intensity the maximum shifts towards smaller delays. The beam waist of the Stokes field can be

determined via wg = \/m Wp.

Set foul [ps] Epy [1]] Method Ip.p [Wm™2] Ip.s [Wm™2] Scaling At [ps] n [%] wp [nm]

[37] 0.7 28 STIRAP 8.20 x 10% 5.48 x 10* 3-0.04 0.7-0.01 100-97.7 0.23-1.97
0.7 28 7 pulses 2.58 x 10%* 1.72 x 103 1 —1.15 99.8 2.2

[73] 12 5 STIRAP 2.79 x 105 1.87 x 10% 3-0.1 12.0-4.0 100-98.7 04-2.2
12 5 7 pulses 8.76 x 10%! 5.86 x 102 1 —16 98.2 39

the Stokes pulse does not affect the system in this case. De-
pending on the pump pulse intensity, the population is either
completely pumped to |3) (r pulse) or stays in the ground
state (2 pulse) or it is only partially pumped. In case of a
single-m -pulse configuration the population is only pumped to
the intermediate state |3) from which it subsequently decays.
Due to the branching ratio of the in-band transition, only
92.5% of the nuclei can be promoted to the isomeric state.

In case of an optimal robust STIRAP delay (At ~ 1) (ii),
n(I) shows the oscillatory behavior only for small intensities.
Once Iy p/s is exceeded, the oscillation stops and the transfer
rate saturates at ~100% which then corresponds to robust
STIRAP. We note that the numerical results for the XFELO
parameters from Ref. [73] show a similar behavior. For this
case, the transfer rates drop below 99% at approximately
0.1/, p/s. We summarize the most important results for both
XFELO parameter sets in Table VII.

@ ® 0.1-Io,ps Io,pis

100
== 3-D,ps 75
— Io,pss 50

5 = 0.1I,ps < zg (i) AT=0.01 ps
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FIG. 5. (a) STIRAP transfer rate as a function of pulse delay with
scaled intensities (XFELO parameters from Ref. [37]). (b) Related
transfer rate as a function of intensity for different pulse delays. The
vertical lines on the right- and left-hand side correspond to 31 p/s
and 0.01y p/s. (c) -pulse transfer rate as a function of pulse delay
|At| for XFELO parameters [37] (solid line), and [73] (dashed line).
(d) Single -pulse sequence for set [73] with delay At = —16 ps.

We now turn to the case of NCPT via two subsequent
7 pulses. Figure 5(c) shows the transfer rate n(tr) for both
XFELO parameter sets. For both cases, the transfer rates can
be large, and decrease for large delay times. The reason for
this is the short half-life of the intermediate state due to
the open IC channel of state |3). This decay channel affects
the population transfer already on ps-timescale. Therefore, the
total population in the isomeric state decreases due to losses
from [3) — |1) and repumping from |2) — |3) and subse-
quent decay. This effect is also the reason why the set [37]
achieves slightly higher transfer rates, since it operates on a
shorter timescale compared with set [73]. In Fig. 5(d) one can
observe the exponential decay due to IC during the population
transfer. In this sequence the small slope in the population
of |2) and |3) corresponds to an exponential decay or gain,
since for small times the exponential factor approaches to
et~ 1 £ Tt

We note here that also for this scenario, the required laser
intensities are very large and correspond to very small focal
spots. For instance, the pump pulse requires a beam waist of
2.2 nm (3.9 nm) for the parameters in Ref. [37] (Ref. [73])
to fulfill the w pulse criterion. To avoid different laser beam
waists, we once more can choose a lower pulse energy for
the Stokes field. The very tight focusing also means that
just a small volume in the solid-state sample is addressed
by the laser pulses. However, the large dopant density of the
sample leads to a number of irradiated nuclei comparable to
the ion-beam case. Considering the sample used in Ref. [15]
(thickness D = 0.2 mm, diameter L = 0.4 mm, dopant num-
ber N = 6.3 x 10'%) the number of irradiated nuclei can be
estimated under the assumption of a disk-shaped sample and
a homogeneous dopant distribution as Njyagiated = 4N (W /L)%
For a beam waist of 2.2 nm (3.9 nm) one can expect to
irradiate up to 7.6 x 10*(2.4 x 10°) thorium atoms.

V. CONCLUSIONS

The second nuclear excited state of >*Th opens the pos-
sibility to indirectly reach the isomeric state at 8 eV via
x-ray pumping. We have investigated this possibility follow-
ing two directions of study. First, we have focused on the
nuclear transition rates which characterize the first three lev-
els of the Th nucleus. These values have been deduced
within a nuclear structure model, and discussed in the context
of the few available experimental data values. Our analysis
points out at inconsistencies between the central experimental
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values deduced from experiments, allowing to identify the
error bar interval which can accommodate all measured data.
Our findings summarized in Table III will be useful for future
experiments employing x-ray pumping.

Second, we have studied NCPT for isomer population in
x-ray quantum optics schemes involving STIRAP and 7 -pulse
configurations. These schemes are experimentally challenging
and typically require large pulse intensities. From the three
possible setups addressed, our simulations have identified
the GF scenario with two UV laser beams interacting with
relativistically accelerated **’Th ions as the most promising
one. Our results show that NCPT with two subsequent &
pulses could be implemented with less experimental effort,
since the required intensities are smaller than in the STIRAP
case. However, the m-pulse excitation scheme necessitates
almost full resonance which is usually not provided in storage
ring experiments due to the ion-beam energy spread. Thus,
STIRAP yields a robust alternative for coherent excitation al-

though a detuning is present. Due to an advantageous in-band
branching ratio, direct x-ray pumping to the 29.19 keV state
might prove to be competitive, provided strong XFEL pulses
can be used at this energy.
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