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We report the results of a direct search for the 229Th (Ip = 3/2+ ← 5/2+) nuclear isomeric
transition, performed by exposing 229Th-doped LiSrAlF6 crystals to tunable vacuum-ultraviolet
synchrotron radiation and observing any resulting fluorescence. We also use existing nuclear physics
data to establish a range of possible transition strengths for the isomeric transition. We find no
evidence for the thorium nuclear transition between 7.3 eV and 8.8 eV with transition lifetime
(1–2) s . τ . (2000–5600) s. This measurement excludes roughly half of the favored transition
search area and can be used to direct future searches.

Almost four decades ago, the existence of a low-lying
nuclear excited state in 229Th was indirectly established
through the spectroscopy of γ-rays emitted following
the α-decay of 233U [1]. Subsequent indirect measure-
ments placed this excited, isomeric state (Ip = 3/2+) to
be (3.5 ± 1.0) eV above the ground state (Ip = 5/2+)
[2]. The prospects of a laser-accessible nuclear transi-
tion touched off a flurry of proposals to utilize this ap-
parently unique nuclear transition as a sensitive probe
of both nuclear structure and chemical environment [3],
to constrain the variability of the fundamental constants
[4–6], to check the exponentiality of the decay law of an
isolated metastable state [7], to demonstrate a gamma-
ray laser [8], and to construct a clock with unprecedented
performance [9–11].

For these applications to proceed, it was necessary
to first more precisely determine the transition energy.
Therefore, several efforts were undertaken to spectro-
scopically resolve the expected ultraviolet (UV) emission
from this magnetic dipole (M1) transition, where the ex-
cited state was typically expected to be populated in the
α-decay of 233U [12]. Despite initial claims of observation
[13, 14], these searches were unsuccessful [15–17].

In 2007, using a significantly improved γ-ray spectrom-
eter, the 229Th isomeric transition was remeasured and
found to actually be in the vacuum ultraviolet (VUV)
portion of the electromagnetic spectrum [18], with an
energy of (7.8 ± 0.5) eV [19], thus explaining why pre-
vious VUV insensitive searches failed, and re-energizing
the community in the search for this nuclear transition.
Recently, the result of a search for VUV emission from
the nuclear excited state, again populated in 233U α-
decay, suggests that the transition energy is < 7.75 eV
[20]; though it is the subject of controversy [21].

In experiments using the decay of 233U it is difficult to
differentiate whether the observed signal is indeed from

the 229Th isomeric transition or from known systematic
effects [15, 16, 21]. Therefore, it is desirable to perform
a direct measurement, where the nuclear transition is ex-
cited by an external source of electromagnetic radiation
and the resulting fluorescence monitored.

In 2008, we proposed an experiment to utilize a VUV
transparent crystal [22] doped with 229Th to provide a
high density sample suitable for a search using a broad-
band synchrotron light source [10, 23]. Here, we report
the first results of this direct search. In the remainder
of this manuscript, we outline the experimental appara-
tus and protocol, present sample data, and interpret the
data to place constraints on the transition lifetime as a
function of transition energy. We also establish a favored
range for the possible transition energy and lifetime, and
conclude with a discussion and estimation of possible sys-
tematic effects. This result excludes roughly half of the
favored region and can be used to direct future searches.

Conceptually, the experimental apparatus, shown in
Fig. 1, and protocol are simple. A VUV transparent
229Th-doped crystal is illuminated for time Te with VUV
photons. If the VUV photons are resonant with the iso-
meric transition, a fraction of the 229Th nuclei are ex-
cited to the (Ip = 3/2+) isomeric state. Then, the VUV
photon source is shuttered and any subsequent fluores-
cence, which results from spontaneous decay back to the
(Ip = 5/2+) ground state, is recorded by opening two
low-profile shutters to expose two photomultiplier tubes
(PMTs) to the crystal for a time Td. This simple ap-
proach is complicated by the generation of tunable VUV
light, availability of high-purity 229Th, and construction
of a 229Th-doped, VUV transparent crystal.

For tunable VUV light, we utilize beamline 9.0.2.1 at
the Advanced Light Source (ALS) synchrotron [24]. In
normal operation (1.9 GeV electron energy), this beam-
line can tune within ~ω ≈ (7.4–30) eV. We character-
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Figure 1: Experimental schematic. A 229Th-doped crystal
is illuminated with synchrotron radiation along its long axis.
Any resulting fluorescence is collected perpendicular to this
axis by a head-on type and side-on type PMT. Low-profile
mechanical shutters (UniBlitz) shield the PMTs from scat-
tered light during illumination. The assembly is held under a
pressure < 10−5 mbar.

ize the photon flux φp with a Opto Diode Corporation
(ODC) SXUV-100 VUV damage resistant photodiode,
calibrated against a NIST-calibrated ODC AXUV-100G
photodiode, and find φp = (1.0–1.25) × 1015 s−1 (see
Fig. 2(a)). The VUV spectrum is nearly Lorentzian with
linewidth ~Γ ≈ 0.19 eV and exhibits a constant “tail” up
to ≈ 10 eV (see inset Fig. 2(a)), which reduces the useful
photon flux to ξ ≈ 0.7 of its measured value.

The 229Th dopant used in this work was purchased
from U.S. DOE and was extracted from ORNL mass-
separated 233U, batch UTHX001, which contains ppb lev-
els of 232U. The mass distribution of thorium isotopes in
this sample was: 229Th (75.6 %), 228Th (. 0.1 %), 230Th
(0.48 %) and 232Th (23.8 %).

The development of a suitable 229Th-doped crystal has
been one of the most significant challenges of this work
[25, 26]. Briefly, we have grown and tested a variety of
VUV transparent crystals doped with the common 232Th
isotope to find a material which satisfies all of the re-
quirements of this experiment, which include: high VUV
transparency; absence of long-lived fluorescence, result-
ing from e.g. color center formation; resistance to the
effects of nuclear radiation; and low radiation-induced
scintillation. From this work, we chose LiSrAlF6 and
have produced three 229Th-doped LiSrAlF6 crystals with
dimensions ≈ 3 mm × 3 mm × 10 mm. The amount
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Figure 2: Photon energy (wavelength) dependence of relevant
experimental parameters: (a) VUV photon flux φp of the ALS
beamline 9.0.2.1 for normal (1.9 GeV) operation; inset shows
sample ALS spectral lineshape taken with monochromator
resolution δE ≈ 0.05 eV (courtesy of Oleg Kostko). (b) UV
fluorescence spectrum of the crystals due to radioactive decay,
recorded with a McPherson 234/302 monochromator and a
Hamamatsu R1527P PMT. (c) Total detection efficiencies (see
Tab. I).

of 229Th in each crystal was assayed by γ-ray spec-
troscopy (Ortec GMX-50220-P) [27] and found to be
(115 ± 5) nCi, (290 ± 40) nCi, and (2.2 ± 0.3)µCi. In
this work, we use only the latter two crystals, referred
to as crystal B and C, with thorium atomic densities of
nTh ≈ 5.8 × 1016 cm−3 and nTh ≈ 4.1 × 1017 cm−3, re-
spectively.

Due to scintillation following the radioactive decay
of 229Th (4.8 MeV α-decay with a half-life of (7917 ±
48) y [28]) and its daughter isotopes, the crystals emit
photons in the UV region (see Fig. 2(b)). This UV fluo-
rescence together with scintillation induced directly in
the PMTs by the radioactivity is the dominant back-
ground.

At a given ALS beam energy, ~ω, in the limit of weak
excitation, the number of detected photons from the nu-
clear fluorescence, Nd, in a time interval [t1; t2] is given
as:

Nd = N0

(
1− e−Te/τ

′
)(

e−t1/τ
′
− e−(t1+t2)/τ ′

)
with N0 =

2

3
η(ω)

λ2
0

2π

ξφ′p(ω)nTh l

Γ

1

1 + 4
(
ω−ω0

Γ

)2 ,
(1)

where τ ′ is the lifetime of the 229Th transition inside the
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config. crystal PMTs filter d [mm] ~ω [eV] Td [s]

C1 a C R6835 no 12
7.4–8.8 1,000

b R8486 yes 25

C2 a B R6835 no 5–6
7.4–8.8 1,000

b R8486 yes 25

C3 a B R6835 no 6–7
7.4–8.25 1,800

b R7639 no 25

Table I: Configurations of the experimental system and
searched VUV photon energy range. All PMTs are manufac-
tured by Hamamatsu, the VUV bandpass filter ((150±27) nm)
is an Acton Research Corp. 150-N-MF-1D, and d is the dis-
tance from the photocathode to the crystal center.

crystal, φ′p is the photon flux transmitted through the
crystal, η(ω) is the total efficiency of the detection sys-
tem, ω0 (λ0) is the unknown isomeric transition energy
(wavelength), and l is the length of the crystal.

For each configuration, η(ω) depends on the PMT
quantum efficiency ηPMT, its solid-angle fraction ηSAF,
and the transmission of an optional VUV bandpass fil-
ter ηfilter. Both ηPMT and ηfilter are characterized using
a McPherson 234/302 monochromator, deuterium lamp,
and the above-mentioned photodiodes and agree with the
calibrations provided by the respective manufacturers.
The different ηSAF are determined using both commer-
cial (Zemax) and homemade ray-tracing software.

To better discriminate any 229Th fluorescence from
spurious signals, we simultaneously employ two PMTs
of differing technology. Specifically, three overall con-
figurations are used (see Tab. I) and their resulting to-
tal detection efficiencies are shown in Fig. 2(c). Finally,
the PMT signals are (optionally) amplified (Stanford Re-
search SR445A) and recorded using a digitzer (CAEN
DT5751).

Using this system, we were given 96 hours of ALS beam
time from August 20 to September 5, 2014. We searched
the range (7.412–8.8) eV with step size ≤ 0.1 eV and an
illumination time Te = 2000 s for each VUV energy.

Fig. 3 shows the recorded crystal fluorescence after
ALS illumination at ~ω = 7.7 eV using configuration C2.
This data is representative of all recorded data. From
data such as these, we establish an upper bound on the
transition lifetime using Eq. (1) evaluated for each bin
and the Feldman-Cousins prescription [29]. For this anal-
ysis, we use a ∆χ2 test statistic for the lifetime τ ′ that is
profiled in the background count-rate nuisance parameter
[30]. The first 10 s of each data trace are omitted to mit-
igate the effect of any scattered light and/or short-lived
UV/VIS fluorescence. For the lower bound on the life-
time, we derive the average background signal from data
taken for t > 200 s after illumination. Then, we perform
a Feldman-Cousins analysis without nuisance parameter
using data between [2.2 s; 7.2 s]. For each probed VUV
energy, we analyze the data assuming detuning of the
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Figure 3: Binned photon counts (solid, black) at a VUV
energy ~ω = 7.7 eV with Te = 2000 s for (a) configuration
C2a and (b) C2b, respectively. Also shown are the best-fit
result (dashed, red), the curve corresponding to the 90 % CL
(solid, blue; used for the upper bound on τ ′), and 99 % CL
(dotted, green), according to Eq. (1). Insets show the time
interval [2.2 s; 7.2 s] used to obtain the lower bound on τ ′.

ALS beam from the thorium transition by −0.2 eV to
+0.2 eV in 0.01 eV steps and present the most excluding
lifetimes obtained from all configurations.

Since this data is recorded in a dielectric medium with
refractive index n, the M1 transition rate is enhanced by
a factor of n3(ω) relative to the rate in vacuum [31]—for
reference, 1.46 ≤ n ≤ 1.51 over the scanned photon en-
ergy range. Therefore, we convert the bounds to vacuum
lifetimes τ = n3 τ ′. The resulting 90 % confidence level
(CL) excluded region is shown in Fig. 4.

The impact of the exclusion is better understood by
considering the theoretically possible isomeric transition
energies and lifetimes. While there is general acceptance
of the transition energy range established by Ref. 19,
there is less consensus on the possible transition lifetime
range. Ref. 32 employs a quasi-particle plus phonon-
model calculation to predict that the transition lifetime
is τ = 2.23 × 106 eV3s/(~ω)3. Refs. 2, 18, and 20 use
the fact that a transition between the same two Nils-
son states is observed in 233U at 312 keV, and predict
that the transition lifetime is τ ≈ 8 × 106 eV3s/(~ω)3.
And, Ref. 7 calculates the transition lifetime to be τ =
0.66 × 106 eV3s/(~ω)3 by finding the matrix element of
the nuclear transition in terms of another M1 transition
in the thorium nucleus (9/2+5/2 [633]→ 7/2+3/2 [631]),
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Figure 4: The 90 % CL exclusion region (red shaded) for the
vacuum lifetime τ of the 229Th isomeric transition as a func-
tion of the transition energy ~ω. Reduction of the sensitivity
by the total error budget (Tab. II) would reduce the excluded
region to the area between the red dotted lines. The experi-
mental sensitivity (green, dashed; see text) and the favored re-
gion for the transition (blue shaded area between dash-dotted
lines; see text) are also given.

parameter symbol rel. error

ALS VUV energy ~ω 0.02

ALS VUV linewidth Γ 0.10

ALS VUV spectrum ξ 0.40

photon flux through crystal φ′p 0.15

solid angle fraction ηSAF 0.15

PMT quantum efficiencies ηPMT 0.15

(eff.) crystal length l 0.10
229Th density nTh 0.15

total ≈ 0.52

Table II: Statistical and estimated systematic errors at the
90 % CL for the individual contributions to N0 in Eq. (1). The
total is estimated using standard error propagation assuming
the parameters (except for φ′p and ηPMT) are independent.

which was previously measured [33].
Of these calculations, the method of Ref. 32 is accurate

to within a factor of ∼ 4 for the cases where experimental
lifetimes are available, while the method of Refs. 2, 18,
and 20 provides only a rough estimate since nuclei specific
effects [7] can modify the lifetime. In contrast, the tech-
nique of Ref. 7 has been shown to be accurate to within
experimental error in the case of other nuclei where data
is available. Therefore, we compare our experimental re-
sults to this method, with the modification that since
the work of Ref. 7 three new experimental measurements
of the 9/2+5/2 [633] → 7/2+3/2 [631] transition lifetime
have been made [12, 32, 34]. Allowing for two standard
deviations in all measurements, we have constructed a
“favored region” (bounded by 0.46 × 106 eV3s/(~ω)3 ≤

τ ≤ 1.79× 106 eV3s/(~ω)3), where the transition should
lie at roughly the 90 % CL (Fig. 4, blue shaded region).

Also shown in Fig. 4 (dotted line) is an estimate of the
potential impact of systematic errors on the calibration
of the experimental sensitivity. This exclusion is created
by reducing N0 by the total error budget given in Tab. II.

Finally, the experimental sensitivity, defined as in
Ref. [29], is determined with the same prescription as
used for the bounds of the exclusion region, but by ana-
lyzing experimentally recorded background data without
prior VUV illumination (Fig. 4, dashed green curve). Our
exclusion region is almost at the level of the sensitivity,
indicating little excess noise.

Several effects could modify the presented results.
First, non-radiative relaxation, so-called internal con-
version, could reduce the fluorescence rate predicted
by Eq. (1). This process would occur via a photon-
mediated nucleon-electron interaction and result in the
de-excitation of the nucleus without VUV photon emis-
sion [22]. This effect can be estimated from a detailed
analysis of the crystal structure (cf. Th:CaF2 [35]), how-
ever, it is difficult to achieve reliable results due to the
complexity of LiSrAlF6. Nonetheless, we do not ex-
pect non-radiative relaxation to occur here, because the
LiSrAlF6 crystals exhibit excellent bulk transmission, ex-
perimentally confirming that requisite electronic states
for non-radiative relaxation are not present, while nar-
row absorption features around the 229Th resonance or
multi-phonon processes appear unlikely.

Second, radiation trapping occurs when the on-
resonance absorption length Lres in the crystal becomes
smaller than its length, l:

Lres =

(
2

3

λ2
0

2π
nTh

n3(ω0)/τ

ΓB

√
π ln 2

)−1

. (2)

For the expected inhomogeneously broadened linewidth
of ΓB ≈ 2π×10 kHz [10, 36], radiation trapping could be-
come important for lifetimes τ ≤ 50 s, where Lres ≈ l/2.
However, as verified by Monte Carlo simulations, if ra-
diation trapping occurs it does not affect our ability to
detect the transition and in some cases even increases our
signal: though excitation starts in a region of size ∼ Lres
near the entrance of the crystal, subsequent emission and
reabsorption events result in excitation of larger portions
of the crystal in a random-walk manner. This leads to a
slower decaying but considerably larger signal within the
detection window as compared to Eq. (1) and would al-
low us to extend our short-lifetime exclusion significantly
beyond the present limit. However, it is possible that the
inhomogeneous broadening is > 10 kHz; for example, if
the thorium atoms substitute in multiple crystal sites,
radiation trapping will be negligible [10, 36]. Therefore,
we report the most conservative limit, which ignores the
benefits of any potential radiation trapping.

Finally, coherent effects like superradiance [37] are un-
likely, as the thorium number density per wavelength
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cubed, nTh/λ3
0 ≈ 250, is effectively reduced by a factor

n3(ω0)/(τΓB) ≈ 5× 10−5 s/τ . Also, coherence-enhanced
optical effects in the propagation direction of the exciting
light field [38] do not impact a perpendicular detection
scheme.

In conclusion, the present result excludes the exis-
tence of the 229Th isomeric transition with a vacuum
lifetime (1–2) s . τ . (2000–5600) s for the energy range
~ω = (7.3–8.8) eV at the 90 % CL. This experiment did
not probe energies ≤ 7.4 eV, which cannot be reached
in normal operation of the ALS. Future work will con-
centrate on improving the present limits and probing
~ω < 7.4 eV for the first time. To accomplish the for-
mer will likely require the use of a VUV laser system,
which provides a higher spectral irradiance than the ALS
[24, 39]; the latter is also possible operating the ALS in
a special low-energy mode.

We thank Robert Cousins, David DeMille, and Zheng-
Tian Lu for useful discussions; Musahid Ahmed, Sarah
Ferrell, Oleg Kostko, Bruce Rude, and Kevin Wilson for
their support at the ALS; James Hefley and Alyssa Ruiz
for help with γ-ray spectroscopy; and Richard Greco,
Markus Hehlen, and Justin Torgerson for help with crys-
tal characterization. The ALS is supported by the DOE.
This work is supported by DARPA, ARO, NIST PMG,
RCSA, and the DOE Isotope Program.

∗ These authors contributed equally to this work.
† Present address: AOSense, Inc., Sunnyvale, CA 94085
‡ Present address: Jet Propulsion Laboratory, Pasadena,
California, 91109

[1] L. Kroger and C. Reich: Nucl. Phys. A 259, 29 (1976)
[2] R. G. Helmer and C. W. Reich: Phys. Rev. C 49, 1845

(1994)
[3] E. V. Tkalya et al.: Phys. Scr. 53, 296 (1996)
[4] V. V. Flambaum: Phys. Rev. Lett. 97, 092502 (2006)
[5] V. V. Flambaum and R. B. Wiringa: Phys. Rev. C 79,

034302 (2009)
[6] E. Litvinova et al.: Phys. Rev. C 79, 064303 (2009)
[7] A. M. Dykhne and E. V. Tkalya: JETP Lett. 67, 251

(1998)
[8] E. V. Tkalya: Phys. Rev. Lett. 106, 162501 (2011)
[9] E. Peik and C. Tamm: Europhys. Lett. 61, 181 (2003)

[10] W. G. Rellergert et al.: Phys. Rev. Lett. 104, 200802
(2010)

[11] C. J. Campbell et al.: Phys. Rev. Lett. 108, 120802
(2012)

[12] V. Barci et al.: Phys. Rev. C 68, 034329 (2003)
[13] G. M. Irwin and K. H. Kim: Phys. Rev. Lett. 79, 990

(1997)
[14] D. S. Richardson et al.: Phys. Rev. Lett. 80, 3206 (1998)
[15] S. B. Utter et al.: Phys. Rev. Lett. 82, 505 (1999)
[16] R. W. Shaw et al.: Phys. Rev. Lett. 82, 1109 (1999)
[17] I. Moore et al.: PHY-10990-ME-2004 (2004). [link]
[18] B. R. Beck et al.: Phys. Rev. Lett. 98, 142501 (2007)
[19] B. R. Beck et al.: LLNL-PROC-415170 (2009). [link]
[20] X. Zhao et al.: Phys. Rev. Lett. 109, 160801 (2012)

[21] E. Peik and K. Zimmermann: Phys. Rev. Lett. 111,
018901 (2013)

[22] E. V. Tkalya et al.: Phys. Rev. C 61, 064308 (2000)
[23] E. R. Hudson et al.: Poster MO28, ICAP 2008 (2008).

[link]
[24] P. A. Heimann et al.: Rev. Sci. Instrum. 68, 1945 (1997)
[25] W. G. Rellergert et al.: IOP Conf. Ser.: Mater. Sci. Eng.

15, 012005 (2010)
[26] M. P. Hehlen et al.: J. Lumin. 133, 91 (2013)
[27] D. Alexiev et al.: Australas. Phys. Eng. Sci. Med. 25,

102 (2002)
[28] Z. Varga et al.: Phys. Rev. C 89, 064310 (2014)
[29] G. J. Feldman and R. D. Cousins: Phys. Rev. D 57, 3873

(1998)
[30] S. A. Murphy and A. W. van der Vaart: J. Am. Stat.

Assoc. 95, 449 (2000)
[31] G. L. J. A. Rikken and Y. A. R. R. Kessener: Phys. Rev.

Lett. 74, 880 (1995)
[32] E. Ruchowska et al.: Phys. Rev. C 73, 044326 (2006)
[33] C. E. Bemis et al.: Phys. Scr. 38, 657 (1988)
[34] K. Gulda et al.: Nucl. Phys. A 703, 45 (2002)
[35] P. Dessovic et al.: J. Phys. Condens. Matter 26, 105402

(2014)
[36] G. A. Kazakov et al.: New J. Phys. 14, 083019 (2012)
[37] R. H. Dicke: Phys. Rev. 93, 99 (1954)
[38] W.-T. Liao et al.: Phys. Rev. Lett. 109, 262502 (2012)
[39] C.-Y. Ng: Annu. Rev. Phys. Chem. 65, 197 (2014)

http://www.sciencedirect.com/science/article/pii/0375947476904942
http://dx.doi.org/10.1103/PhysRevC.49.1845
http://stacks.iop.org/1402-4896/53/i=3/a=003
http://dx.doi.org/10.1103/PhysRevLett.97.092502
http://dx.doi.org/10.1103/PhysRevC.79.034302
http://dx.doi.org/10.1103/PhysRevC.79.034302
http://dx.doi.org/10.1103/PhysRevC.79.064303
http://dx.doi.org/10.1134/1.567659
http://dx.doi.org/10.1103/PhysRevLett.106.162501
http://stacks.iop.org/0295-5075/61/i=2/a=181
http://link.aps.org/doi/10.1103/PhysRevLett.104.200802
http://dx.doi.org/10.1103/PhysRevLett.108.120802
http://dx.doi.org/10.1103/PhysRevC.68.034329
http://dx.doi.org/10.1103/PhysRevLett.79.990
http://dx.doi.org/10.1103/PhysRevLett.80.3206
http://dx.doi.org/10.1103/PhysRevLett.82.505
http://dx.doi.org/10.1103/PhysRevLett.82.1109
http://www.phy.anl.gov/mep/atta/publications/thorium229_phy-10990-me-2004.pdf
http://link.aps.org/doi/10.1103/PhysRevLett.98.142501
http://www.osti.gov/scitech/biblio/964521-r2Qnkb/
http://dx.doi.org/10.1103/PhysRevLett.109.160801
http://link.aps.org/doi/10.1103/PhysRevLett.111.018901
http://link.aps.org/doi/10.1103/PhysRevLett.111.018901
http://dx.doi.org/10.1103/PhysRevC.61.064308
http://www.phys.uconn.edu/icap2008/accepted/icap2008-posters1.pdf
http://dx.doi.org/http://dx.doi.org/10.1063/1.1148082
http://stacks.iop.org/1757-899X/15/i=1/a=012005
http://www.sciencedirect.com/science/article/pii/S0022231311005357
http://dx.doi.org/10.1007/BF03178770
http://dx.doi.org/10.1007/BF03178770
http://dx.doi.org/10.1103/PhysRevC.89.064310
http://dx.doi.org/10.1103/PhysRevD.57.3873
http://dx.doi.org/10.1080/01621459.2000.10474219
http://dx.doi.org/10.1103/PhysRevLett.74.880
http://dx.doi.org/10.1103/PhysRevC.73.044326
http://stacks.iop.org/1402-4896/38/i=5/a=004
http://www.sciencedirect.com/science/article/pii/S0375947401014567
http://stacks.iop.org/0953-8984/26/i=10/a=105402
http://stacks.iop.org/1367-2630/14/i=8/a=083019
http://dx.doi.org/10.1103/PhysRev.93.99
http://dx.doi.org/10.1103/PhysRevLett.109.262502
http://dx.doi.org/10.1146/annurev-physchem-040412-110002

	References

