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We perform hole burning with a low-drift stabilized laser within the zero phonon line of the 4 f-5d transition
in Ce**:Y,Si0Os at 2 K. The narrowest spectral holes appear for small applied magnetic fields and are
6 £4 MHz wide (FWHM). This puts an upper bound on the homogeneous linewidth of the transition to
3 &2 MHz, which is close to lifetime limited. The spin level relaxation time is measured to 72 £ 21 ms with
a magnetic field of 10 mT. A slow permanent hole burning mechanism is observed. If the excitation frequency
is not changed the fluorescence intensity is reduced by more than 50% after a couple of minutes of continuous
excitation. The spectral hole created by the permanent hole burning has a width in the tens of MHz range, which
indicates that a trapping mechanism occurs via the 5d state.
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I. INTRODUCTION

Cerium doped yttrium orthosilicate (Ce>*:Y,SiOs) crystals
have been extensively studied for applications such as cathode
ray tube phosphor [1-3], x-ray storage phosphor [4], and as a
scintillator for fast detection of x rays and y rays [5,6]. The
5d state of cerium has a lifetime of about 40 ns, and gives
rise to strong fluorescence in the 370-500 nm wavelength
range [7-9].

The high yield of photons is an attractive property also
for detection of single ions in a crystal [10,11], with possi-
ble applications in quantum information science. Currently,
low concentration Ce3*:Y,SiOs is studied with the aim of
implementing a quantum computing scheme where a single
cerium ion is used for quantum state readout [12]. The
scheme requires cerium ions to interact with the qubit ions
(for example praseodymium) via the difference in permanent
electric dipole moment between the ground and excited states,
which has been previously measured [13]. Depending on the
quantum state of a qubit ion, the fluorescence from a single
cerium ion can be switched on or off. The success of such a
protocol will depend on properties of Ce>™:Y,SiOs such as
the homogeneous linewidth and fluorescence yield.

The methods used for quantum information experiments are
rather different from those traditionally used when studying
cerium as a scintillator or phosphor. However, many of the
results are related and relevant for both communities.

It is well known that y-ray, x-ray, or UV excitation of
cerium ions in Y;SiOs and similar crystals give rise to
afterglow, a very long-lived luminescence emission that can
last for hours [4,9,14-16]. The cause of afterglow is a slow
recombination emission from electron and hole traps in the
crystal lattice. The trapping of charge carriers worsens the
performance of Ce**:Y,Si0s as a scintillator [5], but enables
its application as a storage phosphor [4]. Charge traps can be
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detrimental for single -ion detection, since when an electron
belonging to a cerium ion gets trapped it might not recombine
for hours and the ion is lost from view. Many mechanisms that
can lead to charge trapping have been suggested, but exactly
which mechanisms that are present in the crystal under certain
conditions remains to be clarified.

Trapping mechanisms in Ce*":Y,SiOs and undoped
Y,SiOs have been previously studied by means of thermally
stimulated luminescence (TSL) [4,14,17-19], electron spin
resonance (ESR) [18,19] as well as absorption, excitation
and emission spectroscopy [4,9,15,18], with excitation by
x rays [4,19], y rays [17], or UV light [4,9,14,15,18].
These methods provide information about trap depths, the
concentration of some defects in the crystal, and possible
charge trapping and recombination mechanisms.

In this work, hole burning and charge trapping in a
Ce**:Y,SiOs crystal at a temperature of 2 K is investigated. In
contrast to most previous experiments, a low-drift stabilized
laser targeting the zero phonon line (ZPL) of the cerium
4 f-5d transition is used. The high spectral resolution allows
for new conclusions to be drawn regarding trapping and hole
burning mechanisms.

When applying a magnetic field, redistribution of ions in
the spin levels of the ground state within the ZPL gives rise to
a spectral hole with a lifetime of 72 &£ 21 ms. The width of the
spectral hole for the smallest fields is measured to 6 = 4 MHz,
which puts an upper limit on the homogeneous linewidth of
the transition to 3 &= 2 MHz and confirms that the linewidth is
close to lifetime limited [13].

A slower and much longer lived hole burning mechanism
is observed as a decrease of the cerium fluorescence signal
under continuous excitation for several minutes. The created
spectral hole has a lifetime of hours. A similar observation
was previously made in Ce**:LuPO,, Ce*™:YPO, [20], and
Ce:YAG [21]. To the best of our knowledge it is the first time
a persistent trapping mechanism in Ce**:Y,SiOs has been
observed with high spectral resolution within the ZPL. The
width of the created spectral hole is in the tens of MHz range.
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FIG. 1. Schematic of the optical setup. The purple beam repre-
sents the 371 nm laser excitation and the blue beam represents the
collected fluorescence. The solid lines represents a dark enclosure.
Labels are defined as follows: ECDL - external cavity diode laser,
PDH - Pound-Drever-Hall locking system, AOM - acousto-optic
modulator, DM - dichroic mirror, SMF - single mode fiber, BP - band
pass filters, PH - pinhole, SPAD - single photon counting avalanche
diode. Inside the cryostat the sample is sitting on two translators (X
and Y) and the lens is attached to a third translator for focusing (Z).

The high frequency selectivity shows that trapping occurs via
the excited 5d state of cerium. A rate equation model, that is
able to capture the characteristic decrease of the fluorescence
signal, is put forth.

II. EXPERIMENTAL SETUP

A sketch of the optical setup can be seen in Fig. 1.
An external cavity diode laser (ECDL) centered at 371 nm
was used to excite the cerium ions and perform hole
burning. The frequency of the ECDL was stabilized to a
low-drift cavity made of ultralow expansion (ULE) glass
using the Pound-Drever-Hall technique [22]. An acousto-optic
modulator (AOM) in double pass configuration allowed the
laser frequency to be continuously scanned over a range of
200 MHz. After the AOM, the laser beam was sent through
a single mode fiber to obtain a clean Gaussian TEMy, mode
before sending it to the sample. A maximum power of about
200 uW reached the sample. The polarization directly after the
laser was linear, but when reaching the sample the polarization
was probably slightly elliptical after passing several optical
components.

To collect fluorescence from the sample a home built
fluorescence detection setup was used [23]. The laser beam was
reflected off a dichroic mirror with high reflectivity at 371 nm,
and high transmission in the range 385-450 nm corresponding
to the fluorescence emission from Ce**:Y,SiOs. The laser
beam was sent into a liquid helium bath cryostat (Oxford
Instruments Spectromag) where the sample was kept at a
temperature of 2 K. The laser beam was focused about
100 pm below the surface of the sample by a small lens with
a numerical aperture of 0.85 mounted inside the sample space
of the cryostat. Both the sample and the lens were mounted
on nanometer precision translators (Attocube ANP51RES).
The laser focus was estimated to have a diameter of 1 xm in
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the crystal. The saturation intensity of the 4 f-5d transition
corresponds to a laser power of 14 uW [13].

The fluorescence was collected in the backward direction
by the lens inside the cryostat. The dichroic mirror and three
interference filters were used to block unwanted laser light.
The three interference filters together transmits <0.01% at the
laser wavelength of 371 nm, and transmits >90% only in the
range 385425 nm to select fluorescence from cerium in site
1 while blocking most of the fluorescence from cerium ions in
site 2 [24]. A 50 mm lens was used to focus the fluorescence
through a 25 um pinhole which blocks light generated out of
focus in the crystal. The fluorescence was measured using a
single photon counting avalanche diode (countBlue-250B).

III. SAMPLE

The sample used in the following experiments is a very
weakly doped Ce®":Y,Si0s crystal grown by the Czochralski
method. The cerium concentration is estimated to be 0.1 ppm
based on the amount of cerium added to the chemical mix
and the Ce segregation coefficient. An electron microprobe
analysis with a detection limit of around 10 ppm showed no
signal from cerium ions. The level of cerium impurities in
an undoped YSO crystal grown by the Czochralski method is
<107°, which is the detection limit of the supplier of the raw
material. In an undoped YSO crystal no Ce fluorescence could
be detected with the setup used in this work. In the weakly
doped sample however, Ce fluorescence could be detected.
This indicates that the cerium concentration in the weakly
doped sample is higher than the impurity level of the YSO raw
material, only known to be less than 107°, but expected to be
low since the size difference between cerium and yttrium is
relatively large. The main impurities of yttrium are generally
expected to be erbium and thulium. The crystal is kept at 2 K
in a liquid helium bath cryostat throughout all measurements.

Ce** has a very simple energy level structure with two
electronic configurations, 4 f and 5d, below the conduction
band of the crystal. The 4 f-5d transition is electric dipole
allowed and gives rise to strong fluorescence. The 4 f ground
state is split into two fine structure multiplets, which are
further split into crystal field levels, all of which are doubly
degenerate at zero magnetic field. The energy level structure
of Ce*T:Y,Si0s (site 1) is shown in Fig. 2(a). In this work
the 4 f-5d transition always refers to the transition between
the lowest energy crystal field level in the 4 f and 5d states
respectively.

Cerium ions can occupy two crystal sites with different
oxygen coordination [8]. In this work excitation of cerium
takes place within the zero phonon line of ions in site 1,
at 371 nm, with an inhomogeneous linewidth of 37 GHz.
The detected fluorescence in the selected range 385425 nm
originates almost exclusively from cerium ions in site 1, with
a signal to background ratio of 100 in the center of the line.
The background is in this case measured by tuning the laser
towards longer wavelengths 1 nm away from the zero phonon
line of cerium in site 1, and consists mainly of overlapping
fluorescence from cerium ions in crystal site 2.

When applying an external magnetic field the doubly
degenerate fine structure levels will split into two Zeeman
levels. In each of the two yttrium sites, the cerium ions can
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FIG. 2. (a) The energy levels of Ce*:Y,SiOs. When applying
a small magnetic field, the lowest stark level of the ground state
will split into two Zeeman levels separated by Afs,, and the lowest
level of the excited state will split into two levels separated by A fs,.
(b) Because of the inhomogeneous broadening of the absorption line
of Ce**:Y,Si0s, four different groups of ions absorb at each laser
frequency fi.er When a small magnetic field is applied.

occupy two nonequivalent magnetic sites [25]. For a magnetic
field applied along the b axis of the crystal the Zeeman
splittings of the two magnetic sites overlap. This is the case in
the present study [26].

IV. HOLE BURNING IN A MAGNETIC FIELD

A small external magnetic field (0.05-100 mT) was applied
to the crystal in the direction parallel to the laser beam, to
split the doubly degenerate fine structure levels. A laser pulse
of 300 us duration and 20 uW of power (*1.4 times the
saturation intensity) was applied close to the center of the
inhomogeneous absorption profile to create a spectral hole.
The hole was detected by scanning the laser frequency over a
200 MHz interval in 100 us while recording the fluorescence
from the sample. A wait time allowed the system to relax to
thermal equilibrium. The experiment was repeated about 1000
times to average data.

As can be seen in Fig. 3, a spectral hole is created for an
applied field as small as 0.05 mT. With increasing magnetic
field the spectral hole gets deeper and wider.

The FWHM of the spectral holes was measured by fitting
a constant minus a Lorentzian curve to the data. More details
about the data treatment can be found in the Appendices. For
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FIG. 3. A spectral hole is burnt in the inhomogeneous absorption
profile by redistribution of ions in the Zeeman levels. Spectral holes
created with different magnetic fields are shown in different colors,
and the field strength is given in the inset. The data has been smoothed
with a moving average over 100 points, corresponding to around
4 MHz on the frequency axis. Although the incoming power was
monitored to be the same, the overall fluorescence intensity was
monotonically decreasing for the different measurements, with a
maximum decrease of around 30%. This is thought to be due to a
beam alignment drift causing a reduction in the efficiency of the
detection setup. Therefore, the signals are normalized so that the
average signal level above 50 MHz is set to 1.

a field of 0.05 mT the FWHM of the Lorentzian fitted to
the spectral hole is 6 &4 MHz, which puts an upper limit
on the 4 f-5d homogeneous linewidth of half that value [27],
3 +£2 MHz.

Because of the inhomogeneous broadening of the zero
phonon line, a fixed laser frequency fi,ser Simultaneously
drives all four different transitions from the two Zeeman
ground levels to the two excited Zeeman levels, but for
different ions, as shown in Fig. 2(b). The ground state
splitting, Afsy, can be calculated using the known g factor
of Ce*:Y,Si0s [25,26]. For a field along the b axis, as in the
present measurement, the splitting is 19 MHz/mT.

To measure the Zeeman splitting in our sample, the AOM
in the laser beam was switched between two frequencies,
separated by an amount A fir, every 4 us. If the two laser
frequencies matches one transition from each ground state in
the same subgroup of cerium ions, as shown in Fig. 2(b), hole
burning will be less efficient since the ions will be repumped
every 4 ps. This happens when A fiaser 1S €qual to the ground
state Zeeman splitting Afs¢, when it is equal to the sum of
the ground state and the excited state splittings, Afir + Afsq
(subgroups A and D), or when it is equal to the difference
between the ground state and the excited state splittings,
Afsr — Afsq (subgroups B and C).

To find these points, Afiser Was kept fixed while the
magnetic field was scanned from O to 6 mT; see Fig. 4(a).
A strong resonance peak, and for small A fi,s; also a weaker
peak at about twice the magnetic field, could be observed. The
weaker peaks show a magnetic field dependence of 17.9 &
1.5 MHz/mT (80% confidence interval) which agrees well
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FIG. 4. The Zeeman splittings of the ground state and the excited
state were measured by rapidly switching the laser between two
frequencies separated by A fi.r While scanning the magnetic field.
(a) When A fi,s; matches the Zeeman splitting of the ground state or
the sum of the ground state and excited state splittings, a resonance
peak is detected. A fi,er for the different curves is shown in the inset.
The data has been smoothed with a moving average over seven points,
corresponding to a magnetic field difference of 66 uT. Note that the
peaks at 0.2 mT corresponds to a cancellation of a stray magnetic
field; for more details see the main text. (b) The measured sum of
the ground and excited state level splittings as a function of magnetic
field with a linear fit.

with the known ground state Zeeman splitting of 19 MHz/mT.
The stronger peaks are at lower magnetic fields and should
therefore correspond to the sum of the ground state and the
excited state splittings, Afsy + Afs4, and can be determined
from Fig. 4(a). See Fig. 4(b) for a linear fit to the data, with a
slope of 43.4 + 1.7 MHz/mT, showing that the excited state
splitting is similar to the ground state splitting with a value of
25.5 + 3.2 MHz/mT.
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FIG. 5. The decay time of the spectral hole in the Zeeman levels
is 72 & 21 ms. The error bars show the standard deviation of the data
and the red curve is an exponential fit.

The peak corresponding to Afy s — A fs4 is at much higher
magnetic fields and cannot be seen in Fig. 4.

In Fig. 4(a) a strong fluorescence peak around 0.2 mT can
also be seen. This peak does not change with A fi,s; and
thus has nothing to do with repumping caused by switching
between the two laser frequencies. It was first assumed that the
peak corresponds to partial cancellation of the earth’s magnetic
field, and hence to an overlap of the Zeeman levels. The field
strength of 0.2 mT is, however, too large to be attributed to
the earth’s magnetic field alone, which is around 50 uT at the
laboratory location. As the direction of the applied magnetic
field was reversed the peak at 0.2 mT did not show up, and all
resonance peaks were shifted by a small amount. This indicates
that the peak is the actual point of zero field. A measurement
using a magnetic field probe inserted into the sample space
of the cryostat confirms that there is a stray magnetic field
of around 0.2 mT inside the cryostat, even when the current
through the coils is zero. The origin of this magnetic field has
not yet been investigated.

The lifetime of the spectral hole was measured by fixing
the magnetic field at 10 mT and varying the wait time between
the burn pulse and the scanned readout of the spectral hole.
The burn pulse was in this case 1 ms long, with 30 uW of laser
power. The spectral hole decays to 1/e of the initial area in
72 £ 21 ms (80% confidence interval); see Fig. 5. This is in the
same order as the previously reported spin-lattice relaxation
time of Ce:Y,SiO5 [25].

It is interesting to note that even 500 ms after the burn pulse
a small spectral hole remained. This persistent spectral hole
can be related to another trapping mechanism, for example
ionization of Ce** into Ce**. This will be discussed further in
the next section.

V. PERMANENT TRAPPING

When exciting the cerium ions continuously for a few
minutes, it was noted that the fluorescence signal slowly
decreases; see Fig. 6. Initially the signal drops fast: within
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FIG. 6. At time zero the crystal is translated so that the laser
focus interacts with a new set of ions. The laser excitation is kept
at a constant power of 20 uW. The fluorescence signal slowly goes
down over a couple of minutes to around 50% of the initial signal
strength (blue line). The data were taken at an applied magnetic field
of 0.2 mT, where the hole burning due to redistribution in the Zeeman
levels has a minimum. Other sets of data were taken at zero applied
field and show the same behavior. The simulation result of the rate
equation model explained in the main text is shown as the red dashed
line.

a few seconds the signal has decreased by about 25%. After
the initial quick drop the fluorescence slowly decreases over
a time scale of minutes, indicating that the ions are slowly
transferred to a long-lived trap state. The fluorescence signal
drops to slightly below 50% of the initial value. The laser
was turned off for up to 40 minutes and then turned on again
without any sign of recovery of the signal. Thus the lifetime of
the trap state is at least hours. Very similar data were measured
in Ce:YAG by Xia et al. [21].

Using the AOM in the laser beam, a sequence of frequency
jumps was done with varying magnitudes from 10 to 100 MHz.
Immediately after a sufficiently large frequency jump the
fluorescence signal is back and a new decay starts; this is
because the permanent trapping is frequency selective and
new ions that have not yet been trapped are addressed at the
new frequency. The increase of the fluorescence signal versus
frequency jump was used to estimate the spectral hole width.
The estimate gave a spectral hole width (FWHM) around
70 MHz. This shows that the trapping mechanism is frequency
selective on the tens of MHz scale. Thus trapping has to
happen via the 5d state of the cerium ions, since the zero
phonon line of the 4 f-5d transition is the only transition
with narrow homogeneous linewidth which can allow hole
burning on the tens of MHz scale. The reason for the increased
frequency width, compared to the few MHz linewidth of the
5d transition, is unknown. It is also unclear if the Ce ions that
were trapped when irradiated at the previous frequency are
recovered when irradiated at the new frequency, since this was
never investigated experimentally. It was also not investigated
whether the permanent trapping can be reversed in any other
way. However, studies on similar trapping mechanisms suggest
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FIG. 7. A simplelevel diagram showing a model of the permanent
trapping. The 4 f-5d transition will reach steady state on the 100 ns
time scale. To simplify the model, it is also assumed that the
Sd—conduction band transition will be in a steady state. Trapping
can occur by spontaneous decay from the conduction band to the
permanent trapping state.

thatitis possible [21,28,29], for example by heating the sample
or by using a femtosecond laser with high peak intensity.
If possible, a reversible mechanism could have interesting
applications, e.g., for long-lived spectrally tailored filters and
slow light applications [30-32].

To investigate this permanent hole burning mechanism
further, a rate equation model using the 4 f, 5d, conduction
band, and trap states seen in Fig. 7 was analyzed [21,28].
In the model, an electron reaching the conduction band can
either escape to a permanent trap via spontaneous decay or
recombine with the Ce ion. To simplify calculations, the first
three states (4 f, 5d, and conduction band) are, at each time
instance, assumed to be in a steady state that depends on the
excitation and saturation intensities. The 4 f-5d saturation
intensity has previously been measured [13] to be 1.4 x
107 W/ m2. Furthermore, the model assumes that cerium ions
are continuously distributed both in space and frequency, and
that fluorescence is emitted in a continuous manner from the
5d excited state.

Since the detection setup uses a pinhole for increased
spatial resolution in the focus direction, the simulation includes
a spatially depending collection efficiency of the emitted
fluorescence. Integration over all three spatial dimensions—as
well as over the frequency distribution of the cerium ions to
account for off-resonant excitation and spectral broadening
due to saturation—are performed, and the result of the
simulations is a time depending detected signal.

Finally, we take into account that all cerium ions do not
seem to get trapped (the fluorescence does not tend to zero in
Fig. 6), and the model accounts for this by adding a constant
fluorescence to the signal. Note that this means that the trap
state should not be an internal state of the cerium ion. It is
possible that the electron in the conduction band finds another
crystal impurity, for example an oxygen vacancy [28].
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TABLE I. The ionization and recombination rates are estimated
from the Ce:LiYF, and Ce:LiLuF, results of Pavlov et al. [33] and
assumed to be similar for Ce:Y,SiOs. The permanent trapping rate
was optimized in the simulation to best fit the data in Fig. 6. See
Appendix C for more details on the simulation model and parameter
estimations.

Rate for ionization, Iign = Irec stim 3x10*s7!
Rate for recombination, ['rec spon 2% 108 7!
Rate for permanent trapping, I'r 7x10* s7!

The results of the simulation can be seen in Fig. 6 as the
dashed red curve. Since several parameters needed for the
simulation were unknown, an optimization of three parameters
was performed to get the best fitting. The first parameter was
the trap rate. The other two parameters were the fraction of
cerium ions that cannot be trapped, and an overall signal
normalization constant (to account for unknown collection
efficiency etc.). Furthermore, the cross section for ionization
to the conduction band and the cross section for recombining
of the electron from the conduction band with the 5d excited
state were estimated by the results from Pavlov e al. [33],
who estimated these for Ce:LiYF; and Ce:LiLuF;. Some
parameters used in the simulation can be seen in Table I.

For a more thorough mathematical explanation of the
model, see the Appendix C. It should be noted that this is
only one physically reasonable model, and not the only such
model.

The intensity dependence of the permanent trapping was
also investigated, and fluorescence curves for seven different
laser powers were experimentally measured. These, together
with simulation fits, can be found in Appendix D.

VI. CONCLUSION

Hole burning within the 4 f-5d zero phonon line of cerium
in site 1 in a very low concentration Ce**:Y,SiOs crystal
was performed with MHz spectral resolution. With a small
magnetic field applied, redistribution of population in the spin
levels give rise to a spectral hole. The width of the created
spectral hole shows that the homogeneous linewidth of the
4 f-5d transition is around 3 £ 2 MHz, which is close to
lifetime limited. The lifetime of the spectral hole was measured
to be 72 £ 21 ms, with a magnetic field of 10 mT.

A very slow hole burning mechanism was discovered which
decreases the fluorescence signal to about 50%after a few
minutes of continuous excitation. The fact that the fluorescence
intensity does not tend to zero suggests that not all cerium ions
in this crystal can become trapped. The created spectral hole
has a width in the tens of MHz range and a lifetime of at
least hours. To model the the permanent hole burning, a rate
equation model where cerium ions could get excited from the
5d state to the conduction band and from there spontaneously
decay to permanent traps was introduced, and the results fitted
well with the experimental data.

One possible explanation for this permanent trapping is
that an electron in the conduction band finds an impurity in the
crystal, for example an oxygen vacancy [28], which traps an
electron and leave behind a Ce** ion. However, further studies
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are needed to draw final conclusions on the exact trapping
mechanism.

Permanent trapping can be a serious problem for detection
of single cerium ions in Y,SiOs. The time scale on which
trapping happens is, however, long—many seconds—and data
suggests that not all cerium ions get trapped. Work by Kornher
et al. [29], also suggests that annealing crystals under Ar +
H, atmosphere makes them photostable. For these reasons it
seems like single ion detection is still fully possible.

If the permanent trapping mechanism can be reversed,
which several studies suggest [21,28,29], so that the cerium
fluorescence signal comes back on demand, it might have
interesting uses, e.g., for long-lived spectrally tailored filters
and slow light applications [30-32].
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APPENDIX A: DATA TREATMENT OF SPECTRAL HOLES

To read out a spectral hole, the laser was scanned over a
200 MHz interval with a double pass AOM. The fluorescence
intensity was recorded as a function of laser frequency. The
hole burning and readout scan were repeated about 1000 times
to collect data. Since the AOM efficiency depends on the
driving frequency, the power of the laser incident on the sample
changed during the scan. A reference detector was used to
monitor the laser power, and during each scan a calibration
curve was recorded together with the fluorescence intensity.

Data treatment was done in two steps, illustrated in Fig. 8.
A part of each saved curve contains a small region where the
AOM was turned off, which shows the detector background
counts for both the laser-power monitor and the fluorescence
detector. This background was subtracted from the signals
[Fig. 8(b)]. The fluorescence curve was divided by the laser-
power curve to obtain a straight baseline on the vertical axis
[Fig. 8(c)]. This method was used for the data shown in both
Figs. 3 and 5 in the main article.

InFig. 3 of the main article the data were also smoothed by a
moving average over 100 points, corresponding to a frequency
of around 4 MHz, to illustrate the spectral holes. In Fig. 4(a)
of the main article the data were smoothed by a moving
average over 7 points, corresponding to 66 uT. Otherwise
no smoothing was applied to the data.

APPENDIX B: ERROR BARS FOR SPECTRAL HOLES

By taking a data trace without burning a spectral hole, the
RMS error for each data point (0poine) can be estimated. This
is done by normalizing the data as shown in Fig. 8, and then
calculating the RMS of the data relative to a baseline at y, the
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FIG. 8. The figures show a frequency scan over a spectral hole located at —50 MHz. In all figures the blue trace is fluorescence and the red
trace is the laser power. The data is treated in two steps. (a) Raw data with an offset which can be seen in the leftmost points of the curves (see
inset for zoomed-in view). (b) The offset has been subtracted from both curves (see inset for zoomed-in view). (c) The fluorescence curve has

been divided by the laser power point by point.

average of the signal where there is no hole. Data points where
the laser intensity is zero are excluded.

The spectral hole area is a sum over all points of the data
curve, and the error is calculated as a sum of squares of the
point RMS error, as in Eq. (B1); this is the case in Fig, 5 of the

main article:
/ 2
Oarea = Opoint-

To estimate the spectral hole depth and width, a constant
minus a Lorentzian curve was fitted to the data. No smoothing
was applied since this might influence the results. The lowest
FWHM estimated was 6 =4 MHz for an applied magnetic
field of 0.05 mT.

(BI)

APPENDIX C: PERMANENT TRAPPING MODEL

In this section the permanent trapping model briefly
described in Sec. V of the main text will be further explained.
The model consists of four levels: 4 f, 5d, conduction band,
and a trap state, seen in Fig. 7 in the main text, where the first
three levels are assumed to always be at a steady state. The
transitions between 4 f and 5d have a saturation intensity of
Iy = 1.4x 107 W/m? that was previously measured [13]. The
relation between the population N4 () in the 4 f state and the
population Ns,4(?) in the 5d state is therefore

Nay(t) — Nsg(t) 1
Nyp(t) + Nsg(t) | 4 L6207
4p() + Nsa(t) 1 4 Lot
N4f(t) _ 21sat

=14+ ——— =Ry,
Nsq(t) 1507

(ChH

where I;g’é'Sd is the excitation intensity for the 4 f-5d transition.
An expression for I:,{{;-Sd will be given later in this section, but
the model does not include any local field corrections.

From measurements performed on Ce:LiYF; and
Ce:LiLuF, by Pavlov et al. [33] the cross section for ioniza-
tion and recombining between the 5d and conduction band
levels are around oion = 1078 cm? and opec = 107 cm?.
Furthermore, the frequency full width at half maximum
(FWHM) of the excited state photoionization spectra is around
Af = 82 THz. We here assume that similar values can be used
for Ce:YSO.

The rate of transitions I'j,, for stimulated ionization or
IMec.stim Stimulated recombination from the conduction band is
calculated as follows [34]:

ISd»cb
Fion = Frec,stim = Ojon SEE s
EV
_ ]’lCo (CZ)
Yy = )\-O ’

where 1247 is the excitation intensity for the 5d—conduction

band transition, E,, is the photon energy, 4 is Planck’s constant,
co the speed of light in vacuum, and Xy = 371 nm is the
vacuum excitation wavelength. This gives a rate of transition of
Tion = 3x10% 571

If T, for spontaneous recombination from the conduction
band to 5d is assumed to be radiative with a deexcitation
wavelength of Ageex = 371 nm; it can be calculated using the
following equation [34]:

400 851
)‘geex 8cb

1—‘rec, spon —

o0
0o = / Orecd® X O 2 Af (C3)

o]

If we assume that gs; = g and use oy = 107!% cm? and
Af =82 THz, the spontaneous transition rate from the
conduction band is Tyecspon = 2% 108 s7!. Note that the
model only requires a rate of the spontaneous decay from
the conduction band and that the mechanism of the decay
is not important. We have therefore used a radiative decay
assumption even though a decay by phonon might be more
probable. Using these rates we can now present a steady state
solution between the 5d and the conduction band populations:

NSd(t)Fion = cb(t)(rrec,stim + 1ﬂrec,spon)»
Nsq(1) [Mrec spon
=1 u =R,. C4
No® 0 T ©

The total number of cerium ions can be estimated to be
roughly N = 6x10'? ions/(m? Hz), for a relative cerium to
yttrium concentration of 10~ and an inhomogeneous profile of
30 GHz.

Given that the total number of cerium ions, N, should
remain constant, the following equation can be put forth and
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modified to solve for the population in the conduction band as
a function of time:

Nay(t) + Nsq(t) + Nep(t) + Nr(t) = N,
(RiR> + Ry + 1)Ney(t) = N — Nz (1),

1
Nep(t) = m[l\’ — N7 (1)]
= k[N — Nz(0)]. (C5)

The rate equation for the trap state can now be solved:

dNr

7 = 1—‘trap Nep()

= 1—‘trapk[]\, — N7 (2)]

= Nz(t) = N(1 — ¢~ Tkt (C6)
where we have used that at time r = 0 no cerium ions are
trapped, i.e., N7(0) = 0. Given this expression for Ny(t) we
can write the population in Ns4(¢) as

Nsq(t) = Rok[N — N7 ()] = Rok N e~ Tkt (C7)
We now assume that the fluorescence emitted from the ions

is proportional to the population in Ns,(¢) with a rate of fy =
1/(40 ns), since the lifetime of the 5d state is 40 ns.

f(@&) = foNsa(t) (C8)

So far we have only included the time dependence on
this fluorescence signal f(¢), but the excitation intensity
I:X];'Sd/ Sd-cb depends spatially on where in the focus the cerium

ion is excited, i.e.;

2 2
- - wo _ o
I:XZ 5d/5d Cb(r,@,z) e 10 <m) e w(z)? s

2Py < 2
Iy=—=, w@=w,/l+(—],
Tw

0 Zr
FWHM Twg
wo = , IR = , (C9)
°T am2 T /n

where r, 6, and z are cylindrical coordinates, wy is the beam
waist given by the FWHM of the setup (estimated to be
FWHM = 1 um), P, is the power of the incoming laser light,
zg 1s the Rayleigh length, and n = 1.8 is the refractive index
of the crystal. Furthermore, not all cerium ions are resonant
with the incoming laser light due to the inhomogeneous
broadening. It is therefore necessary to include a detuning,
A, dependence on the amount of fluorescence emitted from
the ions. Here it is assumed that only the 4 f-5d transition
is narrow enough to be considered, with a linewidth of
I’ =4 MHz. However, the transition might be power

hom
broadened, which gives an increased linewidth according to

0 0.0 . .
Thom = Doy 1 + Ry [35]. This detuning dependence

will affect the excitationlintensity between the 4 f and 5d states

PHYSICAL REVIEW B 93, 224304 (2016)

as follows:
(Fhom/z)2
A2 + (Fhom/z)2 ’

The collection efficiency, coll, also has a spatial dependence
[the same as in Eq. (C9)]:

1259(r0,2,A) = 1259(r,0,7)

exc exc

(C10)

2,
coll(r6,2) = conO(ﬂ) ¢ v (C11)

w(z)
where colly = 1.6% [23].
We can now write the equation for the total detected signal
as follows:

S(t)=/f(t,r,9,z,A)coll(r,9,z)rdrd@dsz, (C12)

where f(¢,r,0,z,A) is given by Eq. (C8) using Egs. (C10)
and (C9) to introduce the spatial and detuning dependencies
in Egs. (C1) and (C2), respectively. The integration limits
were chosen in such a manner that beyond the limits any
impact on the detected signal is negligible. The limits used
werer =0 —> 4 um,0 =0 — 2m,z = —60 — 60 um, and
A = —100 — 100 MHz.

To compare the simulation signal to the experimental data
signal, it needs to be rescaled. It should also include a constant
fluorescence background from the cerium ions that cannot be
trapped, which is assumed to be linearly dependent on the
incoming laser power. The scaling was done as follows:

Sscaled(t) = AS(I) + BPF, (C13)

where A and B are the scaling and background laser-power
parameters, respectively.

Given the incoming laser power, P, for a given experiment,
the only parameters missing from the model are I'yp, A, and
B. A MATLAB algorithm (fminsearch) was used to calculate
the best estimate for these parameters using a least-squares
optimization to estimate the error between the simulation
results and the experimental data. Using the experimental
data seen in Figs. 9—15, the algorithm globally optimized
Dyap ~ 15x10* s7! and B &~ 9.2x10° (detected counts)/W,

Photon counts [# photons / 10 ms]

Time [s]

FIG. 9. Fluorescence decrease for an excitation power of 2 uW.
The simulation result can be seen in the dashed red curve.
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FIG. 10. Fluorescence decrease for an excitation power of 4 uW.
The simulation result can be seen in the dashed red curve.
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FIG. 13. Fluorescence decrease for an excitation power of
21 uW. The simulation result can be seen in the dashed red curve.
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FIG. 11. Fluorescence decrease for an excitation power of 8 uW.
The simulation result can be seen in the dashed red curve.

FIG. 14. Fluorescence decrease for an excitation power of
29 uW. The simulation result can be seen in the dashed red curve.

900 |
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individually optimizing the parameter A to each individual
signal to account for fluctuations in the detection efficiency
between measurements. A varied between ~0.007 and 0.013.
When collecting this data the collection efficiency was much
lower than optimal, which is why the detected number of
photons for similar incoming laser power is much less than
in the data seen in Fig. 6 in the main text. Running the
optimization on the data from Fig. 6 in the main text alone
gives the following values: Iy, &~ 7x10*s71, B ~ 9.4x107
(detected counts)/W, and A =~ 0.19.

APPENDIX D: PERMANENT TRAPPING
INTENSITY DEPENDENCE

The solid curves in Figs 9-15 show the fluorescence
decrease as a function of time for different input intensities.

PHYSICAL REVIEW B 93, 224304 (2016)

The dashed red curves are the simulation results from the
rate equation model explained above in Appendix C, as
well as in Sec. V, Permanent Trapping, and visualized in
Fig. 7 of the main article. The signal multiplier parameter
is optimized individually for each experimental curve, while
the initial trap rate and the background fluorescence are
optimized globally. This optimization of the parameters was
performed to minimize the overall parameter count while
still accounting for drift in detection efficiency of the setup
during the measurements. All experimental curves were taken
with an applied magnetic field of 0.2 mT, which in our
cryostat minimizes the total magnetic field, as discussed in
the main text. The simulation fits are best for the higher power
experiments, but seem overall to have difficulties capturing
the initial fast decay, which might indicate that something not
accounted for in the model is happening in the beginning of
the process.
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